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Abstract

Phosphorescent organic light emitting diodes (PHOLEDs) have been fabricated with structure of indium tin oxide/MoO;
doped 4,4’-N,N’-dicarbazole-biphenyl (CBP) 30 nm/tris(4-carbazoyl-9-ylphenyl)amine 10 nm/CBP doped with tris(2-phe-
nylpyridine)iridium(III) (CBP:Ir(ppy);) x/bathocuproine 50 nm/LiF 1 nm/Al, where x=2.5, 5, 10, and 20 nm, respectively.
The current efficiency (CE) of device with x= 10 nm is higher than those with x=2.5 and 5 nm, mostly because the width
of exciton formation zone (5.7 nm) with x= 10 nm is larger than those (2.5 and 5 nm) with x=2.5 and 5 nm. However, the
current density with x=10 nm decreases than those with x=2.5 and 5 nm at a certain driving voltage, since the ~4.3 nm
CBP:Ir(ppy); accommodating no exciton formation with x =10 nm plays a role of transporting holes, raising ohmic loss of
hole and thereby increasing driving voltage. When x increases from 10 to 20 nm, the width of exciton formation zone rises
from 5.7 to 6.8 nm with CE almost unchanged, and the current density decreases as a result of increased ohmic loss of hole.

The current research is useful to develop high-efficiency and low-driving voltage PHOLEDs.

Keywords Organic light emitting diodes - The width of exciton formation zone - Hole-electron balance - Efficiency -

Driving voltage

1 Introduction

Organic light emitting diodes (OLEDs) have been broadly
viewed as one of the leading flat-panel display technolo-
gies [1-10], because of their appealing properties, e.g.,
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light weight, self-emission, easy fabrication on the flexible
substrates, etc. In order to enter the display fields requiring
high luminance and long-term stability such as augmented
reality and television, OLEDs must be energy-saving, i.e.,
achieving high current efficiency (CE) and high luminance
simultaneously at low-driving voltage (V). From the struc-
tural point of view, OLEDs consist of two correlated parts:
the emissive layer (EML) converting charge carriers into
photons and the charge transport layers delivering charge
carriers from electrodes into EML.

The parameter to evaluate the emissive capability of
OLED is the external quantum efficiency (EQE)

EQE = yan/TX(pxnouv (1

where y is a factor describing hole—electron balance, 7/,
represents the fraction of excitons that is allowed to decay
radiatively by spin statistics, ¢ is the effective radiative
quantum efficiency of emissive material, 7, is the light-
outcoupling factor. The y is defined as the probability that a
hole or electron injected into EML recombines before exit-
ing [11, 12]. By properly using electron and hole block-
ing layers (EBL and HBL), the y may be advanced close
to one. The 54 equals one for phosphorescent (PH) and
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thermally activated delayed fluorescent (TADF) OLEDs and
0.25 for conventional fluorescent OLEDs. The ¢ and 7,
are optimized by varying the thickness of electron transport
layer (ETL). The parallel orientation of emitting diodes is
beneficial to 7,,, [13]. Nowadays, the values of maximum
EQE for state-of-the-art PHOLEDs and TADF OLEDs have
achieved >20% with no additional decoration to enhance
light outcoupling, approaching almost 100% internal quan-
tum efficiencies [14—17]. Nevertheless, there are still some
fundamental issues that have to be thoroughly addressed yet,
for example, how the width (W) of exciton formation zone
influences the performance of PHOLEDs.

The W is an important factor to underlie the performance
of PHOLEDs. By employing double tris(2-phenylpyridine)
iridium(IIT) (Ir(ppy);)-based EMLs to increase W, the EQEs
of PHOLEDs have been improved [18, 19]. The layer stack
of PHOLED markedly affects W [20]. The properly man-
aged W benefits the energy transfers to realize the efficient
white-light emission with stable spectra [1, 4]. Therefore, it
is noteworthy to conduct more thorough work to study the
effects of W on the performance of PHOLED.

Herein, the variation of W with the thickness (x) of
EML, Ir(ppy); doped 4,4'-N,N’-dicarbazole-biphenyl
(CBP:Ir(ppy);), has been experimentally measured. It is
found that the W increases with increase in x; with increase
in W, the CE increases firstly and then becomes almost con-
stant. The properly managed W is of importance to optimize
the balance between CE and current density (J) at a given V.
This work is useful to design high-efficiency and -luminance
PHOLEDs with low V.

2 Experimental

The glass substrates coated with 100-nm-thick indium tin
oxide (ITO) thin film were commercially available with
a sheet resistance of 10 Q per square. After cleaned in
acetone, alcohol, and deionized water in sequence by an
ultrasonic horn, the patterned ITO substrates were blown
dry by a nitrogen gun and then treated in UV-ozone for
15 min before being loaded into the vacuum chamber. The
CBP, tris(4-carbazoyl-9-ylphenyl)amine (TCTA), batho-
cuproine (BCP), Ir(ppy);, and bis(1-phenylisoquinoline)
(acetylacetonate)iridium(III) (Ir(piq),(acac)) with puri-
ties of >99.5% were purchased from Jilin OLED Material
Tech Co., Ltd. The LiF and MoO; with purities of > 99.99%
were obtained from Sigma-Aldrich Company. The Ir(ppy),
doped CBP (CBP:Ir(ppy); by 92:8 mass ratio) was used as
EML. The Ir(piq),(acac) was applied as emissive probe to
detect the location of exciton formation. MoO; doped CBP
(CBP:MoO; by 2:1 mass ratio) was used as hole transport
layer (HTL) to facilitate hole injection and transport. The
TCTA and BCP were used as EBL&HTL and HBL&ETL,
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respectively. All the materials were used as received. The
base pressure of the vacuum chamber for fabricating the
devices by means of thermal evaporation was 5.0x 10~ Pa.
The emissive area of device was controlled to be 8 mm? by
patterning aluminum cathode.

PHOLEDs 1-4 with structure of ITO/CBP:MoO; 30 nm/
TCTA 10 nm/CBP:Ir(ppy); x/BCP 50 nm/LiF 1 nm/Al,
where x=2.5, 5, 10, 20 nm, respectively, were fabricated to
study the dependence of CE on x.

In order to detect the exciton formation in EML for
PHOLEDs 1-4, a 1 nm layer of Ir(piq),(acac) was inserted
between EML and BCP, resulting four probing devices (PD-
BE 1-4) with structure of ITO/CBP:MoO; 30 nm/TCTA
10 nm/CBP:Ir(ppy); x/Ir(piq),(acac) 1 nm/BCP 50 nm/
LiF 1 nm/Al, where x=2.5, 5, 10, 20 nm, respectively. A
I nm layer of Ir(piq),(acac) was also introduced between
TCTA and EML, resulting four probing devices (PD-TE
1-4) with structure of ITO/CBP:MoO; 30 nm/TCTA 10 nm/
Ir(piq),(acac) 1 nm/CBP:Ir(ppy); x/BCP 50 nm/LiF 1 nm/
Al, where x=2.5, 5, 10, 20 nm, respectively.

The J-V characteristics and luminance of the devices
were measured using a programmable Keithley 2400
sourcemeter and an ST-86LA spot photometer, respec-
tively, under the air condition. The electroluminescent (EL)
spectra of the devices were recorded via a L88/OPT-2000
spectrophotometer.

3 Results and discussion

3.1 The optoelectronic performance of PHOLEDs
1-4

The molecular structures of organic materials are shown in
Fig. 1. The performance of PHOLEDs 1-4 is compared in
Fig. 2. It can be seen that PHOLEDs 1 and 2 show compa-
rable J-V curves, improved than those of PHOLEDs 3 and 4;
the J of PHOLED 3 is increased than that of PHOLED 4 at a
given V. For example, the J of PHOLEDs 1-4 is 14.1, 15.4,
10.2, 4.2 mA/cm?, respectively, at V=8.0 V. PHOLEDs 1-3
are brighter than PHOLED 4. For example, the luminance
for PHOLEDs 1-4 is 2770, 3510, 3086, and 1413 c¢d/m?,
respectively, at V=8.0 V. PHOLEDs 3 and 4 present com-
parable CEs at a certain J, higher than those of PHOLEDs 1
and 2; PHOLED 2 is more current-efficient than PHOLED
1. The CEs for PHOLEDs 1-4 are 27.0, 31.7, 37.3, and
36.9 cd/A, respectively, at J=0.1 mA/cm?. PHOLEDs 3 and
4 are also more power-efficient than PHOLEDs 1 and 2. The
power efficiencies for PHOLEDs 1-4 are 18.1, 21.1, 23.9,
and 22.0 Im/W, respectively, at J=0.1 mA/cm?. Therefore,
it is conclusive that the device performance is optimized
with x=10 nm.
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Fig. 1 The molecular structures
for CBP, TCTA, BCP, Ir(ppy);,
and Ir(piq),(acac)
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Fig.2 The J-V (a), luminance-voltage (b), current efficiency-current density (c), and power efficiency-current density characteristics (d) of

PHOLEDs 1-4. The EL spectra of these four devices are shown in Fig. S1
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Fig.3 The normalized EL
spectra of PD-BE 1-4 at various
driving voltages. The appreci-
able Ir(ppy); emissions for
PD-BEs 3 and 4 at high driving
voltage are because some
excitons diffuse away from the
exciton formation zone, thereby
avoiding being quenched by
Ir(piq),(acac)

450 500 550 600

3.2 The determination of Win the PHOLEDs 1-4

As shown in Fig. 3, the EL spectra of PD-BEs 1-4 mostly
contain Ir(piq),(acac) emission peaking at 627 nm (Fig.
S2), implying that Ir(piq),(acac) quenches most of the
Ir(ppy); emissions peaking at 511 nm. This demonstrates
the exciton formation zone locates very close to the inter-
face of CBP:Ir(ppy); and BCP in PHOLEDs 1-4 [11],
likely because the ohmic loss of hole caused by 30 nm

650 700
Wavelength (nm)

750 450 500 550 600 650 700 750
Wavelength (nm)

CBP:Mo00;/10 nm TCTA is much less than that of electron
caused by 50 nm BCP. Figure 4 displays that the EL spectra
of PD-TEs 1 and 2 possess both Ir(ppy); and Ir(piq),(acac)
emissions, and the relative intensity of Ir(ppy); emission to
Ir(piq),(acac) emission for these two devices increases with
increase in V. This indicates that a certain number of the
excitons are directly formed in Ir(piq),(acac) molecules [5,
6,21, 22], implying that the W equals x in PHOLEDs 1 and
2. The EL spectra of PD-TEs 3 and 4 also consist of Ir(ppy);

Fig.4 The normalized EL
spectra of PD-TE 1-4 at various
driving voltages. The green
solid line (Ir(ppy); emission
from PHOLED 4) is shown as
reference in the panel of PD-TE
4

Wi

PD-TE 3

/

450 500 550 600

@ Springer

650 700
Wavelength (nm)

500 550 600 650 700 750
Wavelength (nm)

750450



The width of exciton formation zone dominates the performance of phosphorescent organic light...

Page50f7 243

and Ir(piq),(acac) emissions, but remain almost unchanged
with increase in V. This means that the Ir(piq),(acac) emis-
sion mainly results from the energy transfer from Ir(ppy); to
Ir(piq),(acac) [1, 4], suggesting that the W is smaller than x
in PHOLEDs 3 and 4. The relative intensity of Ir(piq),(acac)
emission to Ir(ppy); emission in PHOLED 4 is smaller than
that in PHOLED 3, demonstrating that the Ir(piq),(acac) is
further away from to the exciton formation zone in PHOLED
4 than in PHOLED 3.

The concentration of triplet excitons [*M*] in PHOLED
is determined by the rate of triplet electrical generation, and
the rates of monoexcitonic recombination and triplet—triplet
annihilation (TTA) [23], viz.,

M1 J

= ke PMA? + =,
It T 2 TT[ ] q‘lr (2)

where 7 is the phosphorescent recombination lifetime, kpp
is the rate constant of TTA, g is the electron charge, and W
is the width of the exciton formation zone. The EQE can be
calculated from the steady-state solution of Eq. (2) to give

EQE _ ([T
e (T ).

where EQE, is the quantum efficiency in the absence of
TTA, and

_ 4qW

Jy = .
0 kppt?

“

The EQE and EQE,, can be substituted by CE and CE,,
respectively, in Eq. (3). Thus, when J < 1.5 mA/cm?, Eq. (3)
is simplified via second-order Maclaurin series to be

2CE,

CE =CE, - J. 5)

0

The simulations based on Eq. (5) for PHOLEDs 2—4 are
shown in Fig. 5. The J, for PHOLEDs 2—4 is calculated
to 36.4, 41.4, and 49.3 mA/cm?, respectively. Assuming ¢
and kpp are constant and taking the values of W and J, of
PHOLED 2, the W for PHOLEDs 3 and 4 is then calcu-
lated to be 5.7 and 6.8 nm, respectively, based on Eq. (4).
Note that, the W for the EMLs of TCTA:Ir(ppy); and N,N'-
di(naphthalen-2-yl)-N,N'-diphenyl-benzidine doped with
tris(1-phenylisoquinoline)iridium(IIl) is estimated below
5 nm via inserting a fluorescent sensitizer into EML [24].

The CE increases in the order of PHOLED 1<2<3
at a given J, confirming that widening the exciton forma-
tion zone can promote the device efficiency [18, 19]. The
CEs for PHOLEDs 3 and 4 are almost identical in the
low-J range, although the W of PHOLED 3 is smaller than
that of PHOLED 4. Nevertheless, the CE of PHOLED 4
slight increases over that of PHOLED 3 at high-J range,
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Fig.5 The linear fits for the current efficiency-current density curves
for PHOLEDs 2—4 between 0.1 and 1.5 mA/cm?. The solid lines are
the model calculation according to Eq. (5). The slope of fitted line
equals —2CE/J,,. Thus, the J,, for PHOLEDs 2—4 is calculated to be
36.4, 41.4, and 49.3 mA/cm?, respectively. In the range from 0.1 to
1.5 mA/cm?, the triplet-polaron annihilation is neglected
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in accordance with the relative intensity of Ir(ppy); emis-
sion to Ir(piq),(acac) emission for PD-BE 4 higher than that
for PD-BE 3 (Fig. 3), mostly because the TTA gets some
relieved in the wider exciton formation zone.

3.3 The electrical properties of the PHOLEDs 1-4

The equivalent circuit for PHOLEDs 1-4 is given in
Scheme 1. The voltage drop (V) across the exciton forma-
tion zone is estimated via Shockley ideal equation

\%
J=JBR[exp<Z ?)—1], ©)
B

where Jgp, is the background current density due to bimo-
lecular recombination and proportional to W, kg is the Boltz-
mann constant, and 7 is the temperature. The voltage drops
across HTL (V,) and ETL (V,) need to be considered when
J>0.01 mA/cm? [25, 26]. Based on Eq. (6) and the W of
PHOLEDs 1 and 2, the V,; for PHOLED 2 is calculated
about 0.02 V less than that for PHOLED 1 at a given J.
Because the W equals x for PHOLEDs 1 and 2, these two
devices have same HC and same EC zones, thereby pos-
sessing nearly same V, and same V, at a given J. Hence,
PHOLED 2 offers slightly decreased V than PHOLED 1
at a given J (Fig. S3). In PHOLEDs 3 and 4, because of
x'=(x—W)>0 nm, some part of the EML accommodates no
exciton formation and then plays a role of HTL to retard hole
current. As a result, PHOLEDs 3 and 4 present markedly

Vh Vef Ve
Rh Re
HC zone Diode EC zone
x’ w
->€------= >
CBP:MoO; TCTA CBP:Ir(ppy); BCP
30 nm 10 nm X 50 nm
HTL EML ETL

Scheme 1 The equivalent circuit for PHOLEDs 1-4. The HC and EC
signify hole and electron current, respectively. The Ry, represents the
ohmic loss of hole across the HC zone, and V,, signifies the voltage
drop across the HC zone at a given J. The R, denotes the ohmic loss
of electron across the EC zone, and V, means the voltage drop across
the EC zone at a given J. The diode indicates the exciton formation
zone in emissive layer, and V; describes the voltage drop across the
exciton formation zone. It is pointed out that V=V, +V+V,
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increased R, and V, and thereby deteriorated J-V curves,
relative to PHOLEDs 1 and 2, regardless of their slightly
decreased V. It is worth noting that the V, remains nearly
invariable for these four devices at a given J, due to the same
R.. Compared to PHOLED 4, PHOLED 3 provides smaller
x" and thereby decreased R, and V,, improving its J-V curve.
The y should be same for PHOLEDs 1-4, especially at
low J, because of their almost identical layer stacks. There-
fore, the CE is thought to be dominated by W. With a given
set of HTL and ETL, the W can be enlarged by increasing x,
as a result that the ohmic losses of hole and electron become
gradually balanced. If x'=(x—W) becomes larger, the V
increases significantly, thereby decreasing power efficiency.
Based on Scheme 1, the following two requirements should
be met in order to achieve high-performance PHOLEDs: (1)
to minimize the ohmic losses based on HTL and ETL, reduc-
ing V} and V,; (2) to balance the ohmic losses based on HTL
and ETL, decreasing x’ and increasing W at the same time.

4 Conclusions

The variation in current efficiency with the thickness of
emissive layer has been investigated for PHOLEDs. It is
found that the current efficiency is governed by the width of
exciton formation zone that increases with the increase in
the thickness of emissive layer. The width of exciton forma-
tion zone is measured to be 2.5, 5, 5.7, and 6.8 nm when the
thickness of CBP:Ir(ppy); emissive layer is 2.5, 5, 10, and
20 nm, respectively. The optimization of the width of exci-
ton formation zone also benefits the improvement in power
efficiency. The current research contributes to the design of
high-efficiency and low-driving voltage PHOLEDs toward
the commercial applications requiring high luminance and
long-term stability.
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