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A general technique is demonstrated to quantify the contribution of monomolecular and bimolecular quench-
ing processes to the external quantum efficiency (EQE) roll-off in organic light emitting devices (OLEDs).
Based on the photoluminescence transients of electrically driven devices, we identify the relative contributions
of quenching and lack of charge balance to the roll-off in four fluorescent and phosphorescent devices con-
taining the dopants 2,3,7,8,12,13,17,18-octaethylporphine platinum (PtOEP), fac tris-2-phenylpyridine iridium
[Tr(ppy)s], the laser dye 4-dicyanmethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM), and neat
tris(8-hydroxyquinoline) aluminum. We find that quenching is proportional to the radiative lifetime of the
emitting molecule and that it is solely responsible for the roll-off of PtOEP. Roll-off of the EQE for Ir(ppy); is
due primarily to loss of charge balance at low current density, J, and only shows significant quenching at J
=1 A/cm?. No quenching is observed for the fluorescent doped DCM device, even for J~ 28 A/cm?. Con-
sequently, doped fluorescent OLEDs that maintain charge balance at high current density enable the elimina-

tion of intensity roll-off, which may provide a route to electrically pumped organic lasing.
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I. INTRODUCTION

Organic light emitting devices (OLEDs) have matured as
a technology for use in both large-area displays'? and solid-
state lighting.? Such devices commonly exhibit low operat-
ing voltages,* 100% internal quantum efficiencies,” and long
operational lifetimes.® In most OLEDs, however, both the
external quantum and power efficiencies decrease’ ' mono-
tonically with increasing current density (and brightness) af-
ter peaking in the range of 0.1—10 mA/cm?. Efficient opera-
tion at high brightness is needed for displays to offset the
finite pixel aperture ratio, and it is especially important for
passive-matrix configurations,!" where the required bright-
ness scales with the number of rows in the display. Effi-
ciency targets for OLEDs in white lighting applications are
also typically specified'? at high brightness (>850 cd/m?).
Finally, the prospect of demonstrating an electrically pumped
organic laser diode has been shown'3 to depend on the prod-
uct of current density and external quantum efficiency
(EQE).

The sources of EQE roll-off at high intensities are two-
fold: imbalance between the numbers of electrons and holes
in the emissive layer (EML) and nonradiative exciton
quenching processes. Joule heating can also play a role, but
it is effectively managed'* with pulsed operation and in-
creased substrate thermal conductivity, and so will not be
considered here. The majority of attention to date has fo-
cused on the role of quenching processes as the source of
roll-off, with triplet-triplet exciton annihilation®!>1® often
proposed for phosphorescent devices, and singlet-singlet,'*!”
singlet polaron,'®2° and field induced®'~?* quenching for
fluorescent devices.

Using the photoluminescence (PL) transient of an electri-
cally driven OLED, we demonstrate a general method to
quantify the contributions of exciton quenching and
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charge imbalance to quantum efficiency roll-off. This
technique is applied to both fluorescent and phosphorescent
OLEDs having emissive dopant natural decay lifetimes
spanning the range from 2.7 ns to 56.3 us. Four devices
using different emitters are studied. These include tris(8-
hydroxyquinoline) aluminum (Alq;), Alg; doped with
4-dicyanmethylene-2-methyl-6-(p-dimethylaminostyryl)-4 H-
pyran (DCM) laser dye,? fac tris-2-phenylpyridine iridium
[Ir(ppy)s]), and 2,3,7,8,12,13,17,18-octaethylporphine plati-
num (PtOEP) doped into the host 4,4’-bis(9-carba-
zolyl)-2,2’-biphenyl (CBP).82% We find that exciton quench-
ing dominates the roll-off for the device with the longest
dopant lifetime (PtOEP) but that its contribution decreases as
the lifetime is reduced. For the shortest lifetime material
combination (DCM: Alqs), no quenching is observed, and
loss of charge balance accounts entirely for the EQE roll-off
at high brightness.

This paper begins with a description of the measurement
concept and theory in Sec. II. Device preparation and experi-
mental methods are described in Sec. 111, and in Sec. IV, data
are presented, with relative loss pathways quantified. Section
V analyzes the roll-off of each device and demonstrates re-
duced roll-off for a device with improved charge balance.
Conclusions are presented in Sec. VI.

II. THEORY

The electrically pumped PL transient method, which has
been previously used in unipolar devices,'? provides a means
to quantify the quenching rate of emissive excitons as a func-
tion of drive current. Conceptually, a small, optically excited
population of excitons is exposed to all of the quenching
processes present in the emissive layer of an OLED. Moni-
toring the transient decay of this population as a function of
current density allows the quenching rate to be quantified.

©2008 The American Physical Society
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The total light emitting exciton density, N(x,7), in the
EML of an OLED is

N(x5t):NEL(x)+NPL(x’t)’ (1)

where Ng;(x) is the electrically generated emitting exciton
distribution in steady state and Np;(x,7) is a small perturba-
tion due to an absorbed optical pulse. In a fluorescent device,
N(x,1) represents dopant singlet excitons, and in a phospho-
rescent device, it represents triplets. Under optical excitation,
Forster transfer from the host efficiently populates the dopant
singlet state,?> followed by rapid intersystem crossing to the
triplet state in the case of a phosphor.”’ The time dependence
of N(x,1) is as follows:

%[N(x,t)] =G(x,J) = N(x, t)[%_ + Kagg(x,J)] , (2)

where G(x,J) is the electrical generation rate of Ng (x) at
current density J, 7 is the natural exciton lifetime, and
K 0(x,J) is an aggregate rate due to quenching by all mono-
molecular and bimolecular processes.]O Now, K,,,(x,J) can

be expressed as

88

K oo, 0) = [y,n(x) + v,p(x) + yanyNer (%) + {(F) + -+ ],
(3)

which includes bimolecular reactions such as exciton-
polaron [ y,n(x) and y,p(x)] and exciton-exciton [ yyyNg (x)]
annihilations, as well as quenching, {(F), due to the local
electric field, F.10-28

Substituting Eq. (1) into Eq. (2) and separating the steady-
state and transient portions, we obtain

G(x,J)

Ngi(x) = m (4a)
d]\l%ix,t) == Np[1/7+ K gq(x,J)]. (4b)

Diffusion for the population Ng;(x) is implicit in Eq. (4a)
through the generation profile G(x,J). In Eq. (4b), it is ne-
glected because the intensity of the exciting optical pulse
varies gradually across the thin emissive layer, so
P Npp(x,t)/ dx* is small.

Since both the steady-state electroluminescence (EL) in-
tensity, I, and transient photoluminescence intensity, Ip(7),
are proportional to Ng(x) and Np;(x,t), respectively, we
have

G(x,J)

IEL=Cf mdx, (5a)

Ip (1) = Cexp(-1/7) f Np(x,0)exp[— K (x,J)t]dx,

(5b)

where C is a constant accounting for radiative rate, out-
coupling, and geometric factors. From continuity, the genera-
tion rate is related to the local electron (J,) and hole (J,)
current densities via
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FIG. 1. (a) Schematic diagram of the device model, showing a
step approximation to the recombination zone (dotted line) of width
x,, and the PL excitation profile, 1,.(x), generated by the N, laser
pulse. The emissive exciton generation rate in the recombination
zone is Gy, and the quenching rate is K,. (b) Device structures of
the four OLEDs studied.

1dJ,0]_ 1 d[J,,(x)]‘

G(x,J) = g dr g dx (6)

The total generation rate in the EML is thus

1 1 1
f G(X’J)dx = ;[‘]Cn - ‘IAn] = ;[JAp - JCp] - ;Jbs (7)

where J4,(J/4,) and J¢,(J¢,) are the electron and hole current
densities at the anode and cathode sides of the emissive
layer, respectively. Thus,

_ [JAp_JCp] - [JCn_JA11]
J J

b (®)

is the charge balance factor,?? which is the probability that a
hole or electron injected into the emissive layer recombines
before exiting.

For simplicity, we assume that generation is uniform
across the recombination zone*® of width x,, as shown in Fig.
1(a). Thus, G(x,J)=G, at 0<x<x,, and G(x,J)=0 else-
where. Since both charge and exciton densities, as well as the
electric-field intensity, are all highest in the recombination
zone, then Kagg(x,J) has a similar functional form. Hence,
K oo(x,J)=K( at 0<x<x,, and K ,,(x,J)=0 elsewhere.

Substituting these expressions into Eq. (5a) and using Eq.
(7) yield
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e o
ELT ql 1/7+K,

for the OLED electroluminescence intensity. Given that the
EQE is proportional to Iz;/J, we obtain

b
EQE(/) = { 1+ 7Ky(J)

b max

:|EQEmax’ (10)

where EQE,,,, is the maximum value of EQE as a function
of current density. At EQE,,,, quenching is assumed to be
negligible (K,~0), and the charge balance factor b is taken
at its maximum, b,,,. Equation (10) shows that a decrease in
EQE is due either to a reduction of the charge balance, b(J),
or to an increase in the nonradiative quenching rate, K(J).

Using Eq. (5b) with the optical excitation profile, I,.(x),
and the step approximation for K,,(x,J), as in Fig. 1(a), we
obtain biexponential decay for the OLED PL transient as the
following:

Ip (1) =C' { exp[— (1/7+ Ko)t]fxa 1,.(x)dx
0

dgyr,
+exp[— ([/T)]f I, (x)dx (. (11)

The constants of proportionality between 7,,(x) and Np;(x,0)
are combined in the constant C’. Here, I,,(x) is calculated by
the transfer-matrix method®' according to the incident angle,
polarization, and material layer optical constants for the ex-
citation wavelength. Since 7, I,.(x), and the EML width,
dgyr, are all known, fits to Eq. (11) yield Ky(J) as well as the
evolution of the recombination zone width, x,, as a function
of drive current.

III. EXPERIMENT

All devices were grown on prepatterned, solvent cleaned,
indium-tin-oxide (ITO) coated glass.> The ITO was
UV-ozone treated prior to thermal evaporation of the
organic layers in a vacuum system with a base pressure of
~1077 Torr. The device structures are shown in Fig. 1(b).
The hole injection and transport layer (HTL) is comprised
of a 5nm thick copper phthalocyanine (CuPc) layer
followed by a 25nm thick layer of 4,4'-bis[N-
(1-naphthyl)-N-phenyl-amino]-biphenyl (NPD). The phos-
phorescent emissive layers are each 20 nm thick and consist
of CBP doped with 6 wt % PtOEP in device 1P and 8 wt %
Ir(ppy);:CBP in device 2P. On top of the phosphorescent
EML, a 15nm thick 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) hole and exciton blocking layer is de-
posited, followed by a 30 nm thick Alqs electron-transport
layer.

In the fluorescent device 1F, a 45 nm thick neat Alq; layer
serves as both EML and electron transporting layer (ETL).
No blocking layer was used, making it comparable to a
conventional NPD-Alq; device. The fluorescent device 2F
emissive layer [see Fig. 1(b)] is 20 nm thick, consisting of
3 wt % DCM doped into Alqs. This is capped with a 15 nm
thick  aluminum(III)bis(2-methyl-8-quinolinato)4-phenyl-
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FIG. 2. (a) Schematic of the experimental setup. Emissive layer
photoluminescence transients excited by the N, laser from the elec-
trically driven device are measured using either a streak camera or
an avalanche photodiode (APD). (b) Typical luminescence transient
showing both EL and PL of device 1F due to a 2 us electrical pulse
of current density 24 A/cm?.

phenolate (BAlq) hole and exciton blocking layer, followed
by a 10 nm thick ETL of Alqgjs.

All devices were completed by depositing a 0.8 nm thick
layer of LiF followed by an 80 nm thick Al cathode to form
1 mm? square devices. Immediately following deposition,
the current-voltage-luminance (I-V-L) characteristic was
measured in atmosphere using a calibrated photodiode and
an HP4155 parameter analyzer. Multiple sweeps were con-
ducted to ensure that stable /-V-L values were obtained. The
device was then loaded into an electrically and optically ac-
cessible cryostat and subsequently evacuated to 50 mTorr.

Pulsed I-V-L measurements were conducted using a
HP8114A pulse generator at a repetition rate of 10 Hz, and a
pulse duration sufficient to ensure that steady-state operation
was achieved. Emission was collected at 30° from normal
and focused onto a 150 MHz bandwidth avalanche photodi-
ode (APD) preamp combination, with appropriate neutral
density filters to prevent signal saturation. A 200 MHz oscil-
loscope was used to measure the preamp output, the OLED
voltage, and the current.

The PL transients were obtained by focusing the output of
a pulsed N, laser at normal incidence onto a 1 mm diameter
spot (1.3+0.2 uJ/cm? and 0.8 ns pulse width at wavelength
N=337 nm) within the device area [see Fig. 2(a)]. The laser
pulse was synchronized to arrive in the middle of each elec-
trical pulse. An example is shown in Fig. 2(b) for device IF,
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FIG. 3. Current density—voltage characteristics of the four de-
vices studied. All devices show an Ohmic region (V<2 V), a high
power-law region (m>2), and a transition to trap-filled space
charge limited current at high bias.

where the APD signal shows the superposition of Alq; PL
and Alqs EL. The phosphorescent device PL decays were
obtained with the APD, while a Hamamatsu C4334 streak
camera was used to collect the fluorescent transients [see Fig.
2(a)]. For each device, PL transients were taken at J
=0 A/cm? both before and after testing to determine if deg-
radation occurred during the high current measurements.

IV. RESULTS

The current density—voltage (J-V) characteristics for each
of the four OLEDs are provided in Fig. 3. Each device shows
Ohmic behavior (i.e., J~ V) at low voltage. This is followed
by a high power-law region (i.e., J~ V", where m~ 11), in-
dicative of interface limited injection’® from the LiF/Al
cathode or to trapped-charge limited transport in the bulk.??
At high bias, all devices transition to the trap-filled limit and
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exhibit the characteristic m=2 dependence. The functional
similarity among the different J-V characteristics reflects the
use of the same HTL (CuPc¢/NPD) and ETL (Algs) in each
device.

Figure 4 shows the PL transient data as a function of
OLED current density for each of the four devices (gray
lines), as well as the corresponding fits to Eq. (11) (black
lines). In Fig. 4(a), quenching is observed in PtOEP:CBP at
increasing J as indicated by the rapid initial decay in the
biexponential transient. All curves exhibit the natural PtOEP
lifetime, 7~56.3 us, at long times (¢>80 us).

The situation is similar for Ir(ppy);:CBP in Fig. 4(b),
except that the onset of quenching occurs at higher current
density (~1 A/cm?), and its magnitude is reduced. This is
consistent with the expectation for reduced bimolecular an-
nihilation in Ir(ppy); due to its shorter natural lifetime of 7
=0.63 us. The signal spike near 1=0 of Figs. 4(a) and 4(b) is
due to fluorescence excited from the transport layers (NPD,
Alqy); it is readily distinguished from the slow phosphores-
cence and decays completely within ~0.1 us. For the fluo-
rescent devices, EML fluorescence is spectrally distinguished
from that due to the transport layers.

Quenching in device 1F of Fig. 4(c) is only evident at
relatively high current density (J>2 A/cm?), where the de-
cay becomes biexponential. The DCM:Alqs transients of
Fig. 4(d) are monoexponential and show no quenching up to
the maximum current density of J=28 A/cm?; however,
there is a decrease in amplitude of the =0 luminescence
peak. This amplitude decrease is also observed to lesser ex-
tents in the other devices and is likely due to exciton disso-
ciation by the high electric field on a picosecond time
scale.28:34-36

Fits of the data in Fig. 4 to Eq. (11) are provided in Fig. 5.
The quenching inferred for PtOEP:CBP is manifest in Fig.

T T T T

Ir(ppy);:CBP

0A/cm?
4.4mA/cm? |

77TmA/cm? FIG. 4. Photoluminescence

transients of the four, electrically
driven OLEDs as a function of
current density (gray lines) and
the fits according to Eq. (11) of
the text (black lines). Strong

quenching that increases with
current density is clear from the
biexponential ~decay of the

_ i
1.0 15 20 25 30

' PtOEP:CBP device in (a). It be-
comes progressively less pro-
nounced for the cases of
E Ir(ppy);: CBP and Alqs devices in
(b) and (c), respectively. The life-
time of the DCM:Alq; device in
(d) is monoexponential and con-
stant for all current densities.

IV
N

N
RS ‘\‘“h'"‘
W

——— 10°3—
PtOEP:CBP
0A/cm?
S 6.4mA/cm? g
> 102 17mA/cm? ] >
‘» ‘B
C c
o 2
£ £
10° 1 . . . , NN 10° .
0 30 60 90 120 150 180 00 05
(a) Time (us) (b)
1000 1000 3——
) 0
S 1004 S 100
8 8
2 =
B 3
S 104 § 10
k= k= “
1
(c) Time (ns) (d)

Time (ns)

2352154



QUANTUM EFFICIENCY ROLL-OFF AT HIGH...

100 , , 10
C PtOEP:CB
[ %3 %L % 18
A
< £
© \ [ ] ©
" 0A/cm? oN\ 14
bracket *
12
a. 9
0.1 -+ 0
10* 10° 10% 10" 10° 10
J (Alem?)
16 Alg; % 30
144 . N P 125
2] . i
— I I 20 —
- 101 E t =
£ 3 T ] 15 £
ER R I P
L | { 10
41 \
- —— 0A/cm? 5
21 C. bracket
o - : . 0
10° 10% 10" 10° 10
J (Alem?)

PHYSICAL REVIEW B 77, 235215 (2008)

1 T T T 14
.« | Irppy)siCBP m& "
L. l l l I 1% 10
_ « L LITITEers —~
) T [ 8 E
2014 0A/cm? é? '/\ =
6 bracket 7 o6 X~
1 N\ L %é \) 4
o
— b. 12
0.01 - 0
10* 10° 107 10" 10° 10
J (Alem®)
5 x x
Alqg;:DCM
4
» 3
C [ ]
P% 2 N ¢
0A/cm?
] bracket
d.
0 :

10° 10 10" 10° 10
J (Alcm?)

FIG. 5. Fitting results, as a function of current density, for each of the four devices. The quenching rate, K, is incorporated into the
effective lifetime, Te_ffz[r_' +K,]7", plotted on the left-hand scale, and the recombination zone width, x,, is plotted on the right-hand scale.
Quenching is strongest in the case of PtOEP:CBP and progressively decreases in magnitude for Ir(ppy);: CBP and Alqs devices, disappear-
ing completely for DCM: Alqs. No recombination width is fit in (d), since the transients of DCM: Alqs are monoexponential. The bracketed
data points, designated by the large rectangles, are taken at J=0 A/cm? at the conclusion of electrical pulsing for each device. In (a)—(c),
they are different than the J=0 A/cm? transients taken prior to pulsing and thus indicate that some device degradation occurred over the

course of experiment.

5(a), where the effective exciton lifetime in the recombina-
tion zone, 7,;=[1/7+K,]™', decreases by almost 2 orders of
magnitude, from 56.3 to ~0.8 us due to the increase in non-
radiative decay rate, K,. The recombination zone width, x,,
is assumed to be adjacent to the EML/ETL interface,?® as
shown in Fig. 1(a). According to Fig. 5(a), x, initially in-
creases and then decreases as J is increased, indicating pos-
sible movement of the recombination zone from one side of
the EML to the other. Note that the J=0 A/cm? data point
taken after pulsing indicates some degradation over the
course of measurement since the lifetime does not fully re-
cover to the initial value of 56.3 us.

In Fig. 5(b), Ir(ppy)s:CBP also exhibits quenching at J
>1 A/cm?. The recombination zone width of this device is
initially x,=3 nm, adjacent to the EML/ETL interface,’” and
increases to x,=12 nm at high J. For the Alq; device of Fig.
5(c), only a small amount of quenching is evident, with 7,
decreasing from 7=13 ns to 7,,=6 ns. Here, the recombina-
tion zone expands from the HTL/EML interface with in-
creasing current density. Similar to Fig. 5(a), the J
=0 A/cm? PL lifetime taken following the pulsed experi-
ments, for both Ir(ppy);:CBP and Alg; devices, indicates
some device degradation during the measurement.

Insignificant quenching is observed for the DCM: Alqs
device in Fig. 5(d). Here, only an ~7% reduction in effective
lifetime is observed at the peak current density of 28 A/cm?.
The transients are monoexponential, which prevents the re-
combination width, x,, from being extracted from the fit.
Interestingly, no degradation is evident for this device, de-
spite being driven at a higher current density than the others.

Figure 6 shows the EQE roll-off of each device in terms
of the quenching and charge balance components of Eq. (10).
Measured EQE data are shown as open circles, and solid
circles depict the reduction from the measured EQE peak
calculated using the fit K,(J/) due only to the quenching term,
[1+7Ky(J)]", of Eq. (10). According to Eq. (10), any differ-
ence between the data and the quenching term must be due to
the reduction in charge balance, b/b,,,,, shown as open tri-
angles.

Quenching accounts for nearly all of the PtOEP:CBP roll-
off, as shown in Fig. 6(a). The calculated charge balance is
>90% of its maximum up to a current density J
~2 A/cm?. For the Ir(ppy);: CBP device [Fig. 6(b)], loss of
charge balance is significant at low currents, declining to
50% of its maximum by J=1 A/cm?. Quenching also plays a
role, however, it only becomes significant when the current
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FIG. 6. External quantum efficiency (EQE) roll-off in each of the four devices, showing the contributions of total quenching and loss of
charge balance, calculated using Eq. (10) and the fitted data of Fig. 4. EQE data are shown with open circles. The magnitude of the
quenching term in Eq. (10) (see text) is plotted using closed circles and represents the reduction of EQE from the measured peak that can
be accounted for by quenching. The difference between data and calculated quenching contribution is due to a decrease in charge balance
factor, b, shown with open triangles. Quenching accounts for nearly all of the roll-off in the PtOEP:CBP device, while charge balance loss
dominates the EQE roll-off of Ir(ppy);:CBP at low current density, with significant quenching at /=1 A/cm?. Loss of charge balance
accounts for most of the roll-off in the Alqs bilayer device, and for all of the roll-off in DCM: Alqs, which shows no quenching contribution.

density exceeds 1 A/cm?. The Alqs; EQE roll-off of Fig. 6(c)
exhibits contributions due to both loss mechanisms. This is
in contrast to the DCM:Alq; device shown in Fig. 6(d),
which shows no quenching; the roll-off in this device is due
entirely to reduction in charge balance.

Figure 7 shows the EL spectra as a function of current
density for the PtOEP:CBP, Ir(ppy);: CBP, and DCM: Alq;
devices. Spectra at J>1 A/cm” were acquired under pulsed
drive. In Fig. 7(a), only PtOEP emission, peaking at \
=650 nm, is observed for current densities up to 0.1 A/cm”.
At 1 A/cm?, PtOEP singlet emission®® at A =545 nm is ob-
served in addition to very weak emission from the Alq; ETL.

The spectra of Fig. 7(b) show pure Ir(ppy); emission
(Apk=515 nm) at low current density, with a contribution due
to emission from the NPD HTL at A=450 nm that appears at
J=0.1 A/cm? It is unclear whether there is Alq; ETL emis-
sion at high current densities since it would be dominated by
the overlapping Ir(ppy); spectrum. Figure 7(c) shows pure
DCM emission at A=580 nm at low current density. The
high energy shoulder that increases in intensity with J is due
to a combination of fluorescence from the BAlq and Alqs
transport layers. Spectra were also measured for the Alqgs
undoped EML; only pure Alqs; emission was observed.

To determine the dependence of the EQE roll-off on
changes in charge balance, we fabricated the following

device with a BAlq blocking layer: ITO which was not
UV-ozone treated/NPD (120 nm)/3 wt% DCM:Alq;
(5 nm)/BAlq (10 nm)/1:1 molar ratio Li:Alq; (30 nm),
followed by a LiF/Al cathode as previously described. The
EQE of this device is shown in Fig. 8, along with that from
the original DCM: Alqs device 2F, reproduced for compari-
son. Both devices have comparable peak efficiencies, how-
ever, the roll-off of the second device is significantly re-
duced. From Fig. 8, the roll-off exponent, m, is less than half
that of device 2F.

V. DISCUSSION

Previous studies have concluded that the roll-off of
PtOEP:CBP devices is due predominantly to triplet-triplet
(T-T) annihilation.'® The results of Fig. 6(a) support this,
with nearly all of the roll-off accounted for by quenching. In
this case, the quenching rate of Eq. (3) simplifies to
Kagg(x’]) -~ 7T-TNT(X)'

The roll-off of devices with relatively short lifetime, iri-
dium phosphors such as Ir(ppy);, cannot be accurately mod-
eled assuming only T-T annihilation. It has been suggested
that the combination of both T-T and triplet-polaron (T-P)
processes,” or field-induced quenching,?® can fully explain
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FIG. 7. Electroluminescence spectra as functions of current den-
sity for the (a) PtOEP:CBP, (b) Ir(ppy);:CBP, and (c) DCM: Algs
devices. Strong NPD emission in (b) confirms electron leakage into
the HTL of the Ir(ppy);: CBP device, while Alg; ETL emission in
(c) implies hole leakage out of the DCM: Alq; EML to the cathode.
Transport layer emission is much weaker in the case of PtOEP:CBP,
suggesting that charge balance is maintained at higher current den-
sity in this device.

the roll-off of these devices. Here, however, the roll-off is
dominated by reduced charge balance at low J, according to
Fig. 6(b). Indeed, quenching (which includes both T-T and
T-P terms) only becomes significant at J>1 A/cm?. This is
in agreement with previous estimations'>?* of the critical
current density at which T-T and T-P quenching becomes
significant in doped Ir(ppy); OLEDs.

The spectra of Fig. 7(b) qualitatively support the loss of
charge balance in the Ir(ppy);:CBP device, showing NPD
transport layer emission at J=0.1 A/cm?, which corre-
sponds to the onset of reduced charge balance in Fig. 6(b),
due to electron leakage through the HTL. While hole leakage
into the ETL may also occur, the resulting Alq; emission
would be masked by that of Ir(ppy)s;. Although significant
energy barriers exist to prevent carrier leakage out of the
EML, they may be overcome at high fields by processes
such as Poole-Frenkel emission”® or Fowler—Nordheim
tunneling,?® due to charge buildup at such interfaces.*’
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FIG. 8. Reduced EQE roll-off for a DCM: Alq; device (closed
circles) with improved charge balance, obtained by decreasing hole
transport in the HTL and increasing the electron conductivity of the
ETL. The EQE data for device 2F (open circles) are reproduced
from Fig. 6(d) for comparison.

Since the transport layers are identical for both phosphor
devices, it is surprising that charge leakage out of the
Ir(ppy)s: CBP EML should be so much greater than for the
PtOEP:CBP EML [see Figs. 6(a) and 6(b)]. The spectra
of Fig. 7(a) nevertheless support this conclusion, with
no evidence of emission from the transport layer at
J=<0.1 A/cm? AtJ=1 A/cm?, weak Alq; ETL emission ap-
pears, indicating leakage of holes to the cathode.

The particular dopant, therefore, significantly influences
charge transport and hence the carrier balance in the recom-
bination zone.*' It has been shown that doping CBP with
phosphorescent guests changes both the electron and hole
mobilities by several orders of magnitude.** Highest occu-
pied molecular-orbital (HOMO) energies of CBP, Ir(ppy)s,
and PtOEP have been measured by photoelectron spectros-
copy as 6.1, 5.6, and 5.3 eV, respectively.**** The lowest
unoccupied molecular-orbital (LUMO) energies for these
materials, estimated from the difference between the HOMO
level and the optical absorption gap, are, respectively, 2.9,
3.0, and 3.2 eV. Thus, PtOEP forms both a significantly
deeper hole and electron trap when doped into CBP com-
pared with those created by Ir(ppy);. As a result, we specu-
late that the electron mobility of the PtOEP:CBP EML is
significantly lower than that of Ir(ppy);: CBP, increasing the
likelihood of recombination with a hole in the EML prior to
escape into the HTL.

According to Fig. 6(c), the roll-off of the Alq; fluorescent
bilayer device is primarily due to loss of charge balance at
low current density, while quenching contributes at
J>2 A/cm?. Intensity roll-off in similar devices has previ-
ously been modeled assuming only singlet-singlet (S-S)
annihilation;'* however, it has been shown that the bimolecu-
lar rate coefficient, yq._g, is too small to account for the EQE
roll-off at low current density (/<10 A/cm?).!7 Here, the
EL spectra show pure Alqg; emission for all values of J,
hence the carrier leakage must be due to holes that reach the
cathode without recombining. Numerical studies of
NPD-Alq; bilayer devices support this interpretation, show-
ing significant hole leakage to the cathode at low bias.?%40

Since no quenching is observed for the DCM: Alq; fluo-
rescent device, the efficiency loss is fully accounted for by a
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reduction in charge balance, where b/b,,, decreases from
unity to 0.25 at J=28 A/cm?. Fast field-induced exciton dis-
sociation is evident from the decrease in r=0 amplitude of
the transients in Fig. 4(d), however, this mode of quenching
occurs on a time scale << 7. When the end result is the for-
mation of a stable, dopant exciton, one cannot distinguish
whether an exciton forms and then immediately dissociates
or whether it never forms at all. Hence, the effect of ultrafast
field-induced exciton dissociation is implicit in b/b,,,,
which may reconcile the results of steady-state field-induced
PL quenching studies’*3¢ with our conclusions here.

The decrease in b/ b,,,, for this device is due to hole leak-
age to the cathode, as evidenced by the BAlq and Alq; emis-
sion shoulder that increases with J in the EL spectra shown
in Fig. 7(c). Since this device is hole rich, modifications to
improve electron transport to the EML and to reduce the total
hole current were made, leading to the device with reduced
roll-off shown in Fig. 8. Reduced hole injection efficiency
(due to the use of ITO untreated by UV-ozone exposure)
increased resistance due to a thicker HTL and increased elec-
tron current due to use of the high-conductivity Li-doped
ETL results in improved charge balance. This supports the
conclusion that charge balance is the principle efficiency loss
mechanism, since changing only the transport layer charac-
teristics significantly reduces the intensity roll-off for the
same EML.

Maintaining perfect charge balance, a DCM: Alq; doped
fluorescent device should exhibit no roll-off, even at high
current density. Indeed, using a combination of doped, highly
conductive transport layers and a DCM:Alq; EML, even
lower roll-off than that of Fig. 8 has been demonstrated.*’
Zero roll-off was recently demonstrated for another fluores-
cent OLED having doped transport layers*® and also for an
organic light emitting transistor.*’

Previous work by Khramtchenkov et al.?° has shown that
the transition to charge imbalance at high bias follows when-
ever field dependent injection barriers exist for either carrier
at the contacts or within the device. Although energy barriers
can prevent charge leakage at low bias, they are readily sur-
mounted in the high-field limit and thus become ineffective.
However, from Eq. (8), b becomes fixed when J,,=J,, and
leakage currents are small. Thus, balanced carrier injection to
the EML is more effective in maintaining charge balance
than the use of blocking layers. Since the hole and electron
currents injected into the EML (J4, and J,,) are complicated
functions of the energy barriers and transport layer drift
and/or diffusion, Ohmic hole and electron injection into the
EML is the simplest means to maintain charge balance.

In this limit, the anode (cathode) side of the EML can
source infinite hole (electron) current, which ensures that re-
combination is always complete. Practically, this also re-
quires Ohmic injecting contacts and highly conductive trans-
port layers with no energy barrier into the emissive layer.
Indeed, these are the conditions claimed for the zero roll-off
OLED.*
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From Fig. 6, the contribution of quenching to the reduc-
tion in EQE decreases with dopant natural lifetime. For
PtOEP:CBP where 7=56.3 us, Tofy decreases by almost 2
orders of magnitude from J=0 to J=4 A/ cm?, while for
DCM: Alq; where 7=2.7 ns, there is almost no change in 7,
up to J=28 A/cm?. This is a general trend suggested by Eq.
(10), where the magnitude of the quenching is inversely pro-
portional to 7. This is due to the fact that, as 7 decreases,
excitons have less time to interact with quenching sites and
species.

Achieving low or zero roll-off should be possible for
many fluorescent doped OLEDs, provided that charge bal-
ance is maintained. This has implications for high-brightness
OLEDs and for electrically pumped organic semiconductor
lasers (OSL). We caution, however, that although no quench-
ing is evident up to /=28 A/cm?, minimum OSL thresholds
are predicted'? to be of order J,,~ 1 kA/cm?, where quench-
ing might prove to be significant.

VI. CONCLUSION

A method based on the measurement of PL transients in
electrically driven OLEDs is used to quantify the relative
contributions of quenching processes and charge balance loss
to quantum efficiency roll-off at high current densities. We
apply it to four OLED structures, with dopant lifetimes rang-
ing from 56.3 usto 2.7 ns. The EQE roll-off of the
PtOEP:CBP device is due solely to quenching. In contrast,
the Ir(ppy);: CBP OLED is dominated by loss of charge bal-
ance at low current density (/<1 A/cm?), showing signifi-
cant quenching only at high current densities
(J>1 A/cm?). The conventional bilayer Alq; OLED effi-
ciency rolls off primarily due to declining charge balance and
exhibits quenching at J>2 A/cm? The DCM:Alq; device
shows no quenching for /<28 A/cm?, with charge imbal-
ance completely accounting for the observed roll-off. The
roll-off behavior of DCM: Alqs is shown to be significantly
improved by improving carrier balance in the emissive layer.

We show that the quenching component of the EQE de-
crease is proportional to the natural lifetime of the emissive
species. This work implies that the EQE roll-off of phospho-
rescent OLEDs with short (7~ 1 us) lifetimes can be largely
prevented up to J=1 A/cm? by improving the characteris-
tics of the charge transport layers. Fluorescent doped OLEDs
studied are only limited by quenching at J>28 A/cm?. If
charge balance can be maintained, efficient, ultraintense
OLEDs are a possible route to electrically pumped lasing.
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