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Determination of the width of the carrier recombination zone
in organic light-emitting diodes
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Bilayer organic light-emitting diodes based on tris-~8-hydroxyquinolinato! aluminumIII have been
fabricated where the thickness of the light-emitting layer was varied between 10 and 80 nm while
maintaining a constant total thickness of the organic layers. The electroluminescence quantum
efficiency of the devices was measured as a function of the emitter thickness, and used to determine
the width of the carrier recombination zone at different electric fields. The width of the carrier
recombination zone is found to decrease with an increase in electric field@from 70 nm~E50.75
MV/cm! to 40 nm ~E51.0 MV/cm!#. It is also related to the field-dependent carrier injection
efficiency. An estimate of the light output coupling factor~0.4! is also given based on this analysis.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1624477#
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I. INTRODUCTION

The maximum electroluminescence~EL! quantum effi-
ciency of light generated by the recombination of opposit
charged carriers injected from electrodes in organic lig
emitting diodes~LEDs! can be achieved by minimizing th
leakage of holes and electrons. This is equivalent to minim
ing the carrier recombination to transit time ratio (t rec/t t) or
the width of the carrier recombination zone~w!.1 This con-
cept led to the development of highly efficient organic LE
composed of two or more organic layers, where the inter
interfaces act as energy barriers accumulating sp
charge.2,3 These internal barriers, together with the differe
charge carrier mobilities, extend the carrier transit time (t t),
while charge accumulation at the interfaces reduces the
rier recombination time (t rec) and screens the applied ele
tric field. The resulting decrease in thet rec/t t ratio leads to
an increase in the EL quantum efficiency,wEL . It is often
assumed that the carrier recombination probability (PR) in
bilayer organic LEDs is close to unity. Under device oper
ing conditions, PR,1 since PR5(11t rec/t t)

21 and PR

→1 would require (t rec/t t)→0. When 1/2,PR,1, carrier
decay is dominated by their recombination whereas forPR

,1/2, leakage of the carriers to the electrodes is domin
The t rec/t t ratio can be expressed as the ratio of the reco
bination zone width~w! to the emitter thickness (de), which
leads toPR5(11w/de)

21.4,5 In molecular solids, the lowe
limit for w is dictated by the distance between the closest
molecules~>2 nm!. The recombination probability may the
approach unity (PR>0.98) for a thick emitting film (de

>100 nm) but for a thin one (de>10 nm), it drops toPR
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50.83. Consequently,wEL will be smaller for thin emitting
layers~EMLs! compared to thick EMLs for the same recom
bination zone width,w. For w5de , the PR decreases to 0.5
when the unimolecular and bimolecular decay probabilit
of the charge carriers become comparable. To date few
tempts have been undertaken to determine the width of
carrier recombination zone.5–9 They have usually been base
on complex methods that involve comparisons between
measured EL and photoluminescence~PL! spectra in single
crystals,6 polymer blends,7 or Langmuir–Blodgett films.8 A
relatively simple method, based on the definition ofwEL ,
applied to organic LEDs, assumes~often with no justifica-
tion! a value of the light output coupling factor~x! based on
the refractive index of the organic layers.5,9 This factor in-
cludes light loss due to waveguide modes that propag
along the internal interfaces as well as the transpa
substrate/air interface.10–12 In this communication, we
present a simple method to determine the width of the car
recombination zone in organic LEDs based on a comm
structure: indium–tin-oxide (ITO)/N,N8-diphenyl-
N,N8-bis~3 methylphenyl!-1,18-biphenyl-4,48-diamine
~TPD!/tris-~8-hydroxyquinolinato! aluminum III (Alq3)/
Mg:Ag. In addition, an independent evaluation of the lig
output coupling factor is presented.

II. EXPERIMENTAL DETAILS

Bilayer LEDs were prepared by thermal evaporation
vacuum at;1027 Torr. ITO patterned glass substrates we
sequentially sonicated in detergent solution, de-ionized
ter, acetone, and isopropanol, and finally subjected to oxy
plasma treatment for 5 min. TPD, obtained from H. W
Sands, was used as the hole transport layer and Alq3 , ob-
tained from TCI America, was used as the emitting/elect
transport layer. TPD was used as received while Alq3 was
purified by train sublimation. A 100 nm thick Mg:Ag film
4 © 2003 American Institute of Physics
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prepared by coevaporation of Mg and Ag at a weight ratio
12 to 1, was used as the cathode. Fourteen different dev
with a total organic layer thickness of 120 nm and vario
TPD and Alq3 thicknesses were prepared. The Alq3 layer
thickness varied from 10 to 80 nm in steps of 5 nm. T
deposition rate was monitored by anin situ quartz crystal
microbalance and used to estimate the thickness of eac
the layers. The deposition rate was 0.2 nm/s for the organ
The total rate of the metal deposition was 0.5 nm/s. T
device area was 4 mm2. All optical and electrical character
ization was performed inside a nitrogen-filled glove box. T
electroluminescence spectra were recorded with a 1/4
spectrograph coupled to a charge coupled device~CCD!
camera. Current and luminance versus voltage measurem
were performed using a Keithley 238 source unit and a
nolta LS-110 luminance meter, respectively.

III. RESULTS AND DISCUSSION

The EL spectra measured for all the devices with vary
Alq3 (de) thicknesses were all similar and characteristic
the PL spectrum of Alq3 ~Fig. 1!. Possible microcavity
effects10,11 could, therefore, be neglected in the pres
analysis. Figure 2~a! shows the external EL quantum effi
ciencywEL

(ext) as a function of electric field measured at va
ous Alq3 thicknesses. For thin Alq3 layers (de,20 nm)
wEL

(ext) appears to be field independent, whereas for thic
layers (de.25 nm) nonmonotonic evolution ofwEL

(ext) with
the electric field is observed, consistent with previo
results.5 Figure 2~b! shows current and luminance vers
voltage characteristics of a bilayer device with a 80 nm A3

layer. The device reaches luminance of;13 000 cd/m2 at 13
V and maximumwEL

(ext) of 1.35% at 1450 cd/m2 ~at 9 V!.
A simple approach is used to determine the emi

thickness dependence ofwEL
(ext) by examining the evolution o

the recombination zone~located inside Alq3 and adjacent to
the interface with TPD! as thet rec/t t ratio increases. By
definition,wEL

(ext) is given by

wEL
~ext!5jPSw r~11w/de!

21, ~1!

FIG. 1. Typical electroluminescence spectrum of one of the bilayer devi
Downloaded 25 Mar 2004 to 132.250.151.63. Redistribution subject to AI
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where the light output coupling factor,j, coupleswEL
(ext) to the

internal EL quantum efficiency,wEL , (j5wEL
(ext)/wEL), PS is

the probability of an electron-hole recombination event p
ducing a singlet exciton, i.e., the production efficiency
singlet excitons, andw r is the efficiency of the radiative de
cay of a singlet exciton, which is not necessarily equal to
PL quantum efficiency (wPL) since excitons can be quenche
by the electric field1,4,5and at the organic/cathode interface13

Hence the emitter thicknessde can affect the Alq3 excited
state lifetime. Consequently,wEL

(ext) would become a complex
function ofde which may depend on bothw r andPR . If one
assumes thatw r(de)5wPL50.25,5 Eq. ~1! can be expressed
as

1

wEL
~ext! 5A1

B

de
, ~2!

whereA5(jPSwPL)
21 andB5Aw.

A plot of the inverse ofwEL
(ext) as a function of the inverse

of the emitter thickness,de , is shown in Fig. 3. At high
electric fields,F>0.75 MV/cm, the width of the recombina
tion zone is found to vary between 70~0.75 MV/cm! and 40
nm ~1.0 MV/cm!.14 The reduction in the width of the recom
bination zone with an increase in electric field is consist

s.

FIG. 2. ~a! External EL quantum efficiency as a function of the electric fie
with varying Alq3 thicknesses (de). ~b! Current density~dashed line! and
luminance~solid line! vs voltage characteristics of the ITO/TPD~40 nm!/
Alq3 ~80 nm!/Mg:Ag device.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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with previous results5 and explains the deviation from th
1/de linear dependence of@wEL

(ext)#21 for small emitter thick-
ness and low fields. The width of the recombination zone
by definition the region where all carriers recombine. It
equivalent to the path length the carrier traverses during
recombination time,w5mFt rec, wherem is the mobility and
F is the electric field. In the device under study the ho
entering Alq3 recombine on their way to the cathode, so th
m5mh ~hole mobility of Alq3) and w can vary between its
lower limit ~>2 nm, i.e., intermolecular distance in a m
lecular solid! and beyond the actual thickness of the Al3

layer. If at a given electric fieldw is independent of the
emitter thickness (de), increasingde will simply extend the
emitting region with a concomitant increase ofwEL

(ext) . The
emitter thickness dependence ofwEL

(ext) would deviate from
that given by Eq.~2!. At large Alq3 thickness, a much stron
ger increase inwEL

(ext) with increasingde was observed at low
electric fields,F<0.4 MV cm21. When the Alq3 thickness is
smaller than the exciton diffusion length in Alq3 , de

<30 nm,13 exciton quenching occurs at the Alq3/cathode in-
terface, regardless of the field applied, and leads to a
crease inwEL

(ext) .
One may estimate the value of light output coupling fa

tor j from the intercept@A5(jPSwPL)
21# of the plots in Fig.

3. If one assumesw r5wPL525% at F50.75 MV/cm and
w r517% atF51.0 MV/cm, j>0.43. This value is twice as
large as that obtained assumingj>(1/2n2) wheren is the
refractive index of Alq3 . The efficiency of radiative decay o
singlet excitons is assumed to be only 17% at high elec
field ~1.0 MV/cm! due to'30% field-induced fluorescenc
quenching, observed for thick EMLs, as reflected in Fig
for de580 nm. The carrier recombination probability,PR

5(11w/de)
21,4,5 can be readily evaluated based on the v

ues of the recombination zone width. A lower and an up
limit, PR>0.4 and>0.7, are obtained forde540 and 80 nm,
respectively. Both are less than the often assumed valu
PR>1, and suggest that the devices are operating in the

FIG. 3. Inverse of the external EL quantum efficiency as a function of
inverse of the emitter thickness (de). The fit of the data~straight solid lines!
allows determination of the width of the recombination zone~w! and the
light output coupling factor~j! at different electric fields~F!.
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jection limited current regime where the injection efficien
is expected to increase with an increase in voltage. A m
sure of the carrier injection efficiency,h inj , is the ratio of the
actual current~j! to space-charge-limited current~SCLC!
( j SCL) (h inj5 j / j SCL).

15 For double-injection current, as in
these bilayer devices, the volume-controlled current~VCC!
( j VCC), expressed asj VCC5(9/8)meff «0«F2/d, would corre-
spond to single carrierj SCL, since the effective carrier mo
bility meff can be approximated by the hole mobility o
TPD.15 The effective mobility may be approximated by
simple sum of the electron mobility in Alq3 (me) and hole
mobility in TPD (mh) in the case of strong recombination
Since TPD is a hole transporting material withmh@me ,
j VCC> j SCL for hole injection at the ITO/TPD interface an
j SCL may be calculated based onmeff>mh>1023 cm2/V s
and a dielectric constant«53.16,17 The carrier injection effi-
ciency plotted as a function of the electric field is shown
Fig. 4 where the electric field in TPD resulting from ho
accumulation at the TPD/Alq3 interface has been accounte
for using a screening factork>0.5.1,5 As expected,j is less
than j SCL ~j does not exceed 0.1j SCL) for any given electric
field. The apparent drop in injection efficiency for a 20 n
thick emitter layer is a direct consequence of the fact that
strong recombination case approximation is not valid for t
EMLs. In this case, the width of the recombination zo
exceeds the emitter thickness and the effective mobilitymeff

is no longer a simple sum ofme (Alq3) and mh ~TPD!.18

Nevertheless, a monotonic field increase of the injection
ficiency leads to a monotonic increase in the recombina
probability (PR). We note that, in general, the screening fa
tor is a function of the field applied,k5k(F), since the
amount of charge accumulated at the TPD/Alq3 interface
varies according to the voltage applied. The assumption
k(F)5const has already been shown to be a reasonable
proximation for injection-controlled EL on the basis of on
dimensional~1D! Onsager model plots of the injected cu
rent versus electric field and thus, we treat it as such here5 In
an alternative, more exact treatment, 1D Poisson and cur
continuity equations must be solved to see the influence

eFIG. 4. Carrier injection efficiency,h inj (h inj5 j / j SCL) as a function of the
electric field for selected values of Alq3 thickness.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the space-charge distribution on the electric field within
two layers of double-layer LEDs. Its application to organ
LEDs has enabled calculation of the spatial distribution
the electric field and charge carrier densities,19 and to simu-
late current–voltage characteristics.20 The results related to
SCLC conditions have predicted narrow recombinat
zones that are located within the electron-transporti
emitting layer near the heterojunction interface as is a
expected for the present bilayer LEDs with injection ef
ciency and thus recombination probability approaching un

IV. CONCLUSIONS

In summary, it is shown that the Alq3 thickness depen
dence of the EL quantum efficiency of bilayer organic LE
(ITO/TPD/Alq3 /Mg:Ag) can be directly related to the widt
of the carrier recombination zone. The device efficiency
influenced by the width of the recombination zone and by
quenching of excited states, and both are electric field dep
dent. The width of the carrier recombination zone, bein
good microscopic device parameter, can also be relate
the carrier injection efficiency (h inj), and is shown to de-
crease ash inj increases with an increase in electric field. T
estimated value of 0.43 for the light output coupling factor
a factor of 2 larger than the value of;0.2 widely used in the
literature. These results suggest that the theoretical limit
the external EL quantum efficiency based on the simple
lationshipj>(1/2n2) may be underestimated.
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