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A phosphorescent organic light emitting diode by using tetrafluorotetracyanoquinodimethane (F4TCNQ) as the
indium-tin-oxide modification layer and 4,4’-bis(carbazol-9-yl)biphenyl (CBP) as the hole transporting layer is
reported. CBP doped with a green phosphorescent dopant, tris(2-(p-tolyl)pyridine) iridium(Il) (Ir(mppy)s) is
used as the emission layer in this device, and the maximum current efficiency of 31.3cd/A is achieved. Further-
more, low efficiency roll-off of 10.4% is observed with device luminance increasing from 100cd/m? (29.7cd/A) to
10000 cd/m? (26.5cd/A). It is demonstrated that a charge-generation area is formed at F4 TCNQ/CBP interface,
which will benefit hole injection into the hole transporting layer. Moreover, use of the CBP hole transporting layer
will benefit the low efficiency roll-off by broadening triplet exciton formation, as well as by avoiding accumulation
of unbalanced carrier at the hole transporting layer/emission layer interface.

PACS: 78.60.Fi, 68.37.Ps, 73.61.Ph

Phosphorescent organic light emitting diodes
(PhOLEDs) have attracted considerable interest due
to their potential application of nearly 100% inter-
nal quantum efficiency.!'! However, PhOLEDs still suf-
fered from the strong efficiency roll-off at high bright-
ness, which was typically ascribed to the influence
of triplet-triplet annihilation/”?! and triplet-polaron
quenching.!*®) Typically, nearly 30% efficiency roll-
off can be observed with luminance increasing from
100 cd/m? to 10000 cd/m? for PhOLEDs, " * which
seriously limits their application in high luminance
fields such as lighting. Thus many strategies were de-
veloped to reduce the efficiency roll-off of PhOLEDs.
Recently, it has been demonstrated that efficiency
roll-off of PhOLEDs can be reduced by using a spe-
cial inorganic modification layer such as MoOs!’! and
InCl3,["") for indium-tin-oxide (ITO) which is a widely
used transparent anode. Generally, it was believed
that those inorganic modification materials play an
important role in enhancement of the hole injection
by increasing the work function of ITQ.['0:11]

Tetrafluorotetracyanoquinodimethane (F,TCNQ)
was typically used as a p-type dopant to increase
the hole transporting property of organic semicon-
ductor material, such as N-N’-diphenyl-N-N'-bis(1-
naphthyl)-1,1’-biphenyl-4,4’-diamine ~ (a-NPB).l'* ]
In this study, it is demonstrated that the introduction
of F4/TCNQ as the anode modification layer can not
only enhance the efficiency of the PhOLEDs but also
significantly reduce the efficiency roll-off of PhOLEDs
at high luminance when CBP is used as hole trans-
porting layer (HTL). This performance enhancement,
in general, is ascribed to lowering hole-injection bar-
rier induced by electron transfer from anode to the
F4TCNQ layer.l'*'"] In this study, a novel scheme
based on charge-generation effect is demonstrated. It
is found that a charge-generation area is built at the
F4,TCNQ/CBP interface, which will benefit hole in-
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jection into CBP HTL.

All devices used in this study were fabricated
by vacuum thermal evaporation. The 100-nm-thick
ITO-coated glass with a sheet resistance of 25 /0
was used as substrates. Emission area of the de-
vice was about 12mm?. Device fabrication pro-
cess as well as measurement method is in accord
with our previous work.['~ '] To study the influence
of F4/TCNQ thickness on device performance, de-
vices with structures of ITO/F4TCNQ (znm)/CBP
(40nm)/CBP:Ir(mppy)s  (20nm,  10vol%)/1,3,5—
tris (N-phenylbenzimidazole-2-yl) benzene (TPBi)
(40nm)/Cs2CO3 (2nm)/Al(100 nm) were fabricated,
where z are Onm (device A), 5nm (device B), 10nm
(device C), and 15nm (device D) respectively (see
Fig.1(a)). Here a 40-nm-thick undoped CBP layer
was used as HTL, a 20-nm-thick CBP layer doped with
Ir(mppy)s was used as the emission layer (EML), and
TPBi was used as the electron transporting layer. The
luminance-voltage-current (L-V—J) characteristics as
well as the efficiency performance of devices A-D are
shown in Figs. 1(b) and 1(c) respectively. In device A
without the F4TCNQ layer, hole is the minority car-
rier and electron is the majority carrier due to the huge
injection barrier between the Fermi level E¢ of ITO
and the highest occupied molecular orbital (HOMO)
level of CBP, just as shown in the energy diagram of
Fig.1(a). When a F,TCNQ layer is inserted into the
ITO/CBP interface, as shown in Fig. 1(b), conduction
current (or the luminance) at the same driven volt-
age increases dramatically. This strong performance
enhancement demonstrates that the F,TCNQ layer
can effectively enhance the minority carrier injection,
which will benefit hole-electron balance in EML and
enhance device efficiency. Just as shown in Fig. 1(c),
the maximum current efficiency (corresponding power
efficiency) of devices A-D are 14.4cd/A (3.61m/W),
20.6cd/A (8.31lm/W), 31.3cd/A (19.11lm/W), and
26.3cd/A (11.61m/W), respectively. Device C with
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10-nm-thick F4TCNQ exhibits the highest efficiency
performance.
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Fig.1l. (a) Configurations of PhOLEDs with different
thicknesses of the F4TCNQ modification layer, where x
is 0nm, 5nm, 10 nm, and 15nm for devices A-D, respec-
tively. Energy diagram of PhOLEDs with the F4TCNQ
modification layer is also exhibited. (b) The L-V—J char-
acteristics of devices A-D, respectively. (c) The efficiency
performance of devices A-D, respectively.

To understand the influence of F4TCNQ thickness
on the performance of PhOLEDs, morphology of ITO
substrates modified by the F4,TCNQ layer with dif-
ferent thicknesses were studied by using AFM. The
thickness of the F,TCNQ layer was varied from 0nm
to 15nm. It can been found from Fig. 2(b) that 5-nm-
thick F4TCNQ can not cover the ITO surface uni-
formly. Thus the rms value of ITO surface dramati-
cally increases from 1.225 nm to 5.745 nm when the 5-
nm-thick F,TCNQ layer is deposited on bare ITO sur-
face. When the thickness of the F4,TCNQ layer is in-
creased to 10nm, as shown in Fig. 2(c), surface cover-
age becomes nearly 100%. Thus the surface roughness
decreases to 4.186 nm. When the F4TCNQ thickness
is further increased to 15nm, as shown in Fig.2(d),
island-type growth mode of F,TCNQ is exhibited, and
surface becomes rougher (rms=7.492 nm). These find-
ings are in agreement with previous reports on de-
position process of the F,TCNQ film.['") Generally,
it is believed that the increase of F4TCNQ cover-
age will increase the work function of ITO surface,
which will benefit hole injection from ITO anode to
HTL.['* "] However, the influence of F,TCNQ/HTL
interface on the performance of PhOLEDs was seldom
reported. Since the increase of F,TCNQ coverage on
ITO substrate will improve the F4,/TCNQ-CBP con-
tact at F4TCNQ/CBP interface as well as decrease
the ITO-CBP contact, the thickness-dependent phe-
nomenon indicates that the F,TCNQ/CBP interface
may also play an important role for the PhOLEDs
performance.
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Fig.2. AFM images of surface of ITO substrates mod-
ified by F4TCNQ with thickness varied from Onm to
15nm: (a)—(d) corresponding to Onm (rms=1.225nm),
5nm (rms=5.745nm), 10nm (rms=4.186nm), 15nm
(rms=7.492nm), respectively. The ranges of Z coordi-
nates of all the above four images are set in the identical
range from Onm to 57nm for easy comparison (scan size:
5 x 5pm?).

To obtain a primary insight into the role of
F4,TCNQ/CBP interface in the PhOLEDs, four de-
vices (devices E, F, G, and H) were fabricated.
Their respective configurations are shown in Fig. 3(a).
Device E with structure of ITO/NPB (60nm)/Al
(100 nm) is a typical hole-only device due to low hole
injection barrier between E of ITO and the HOMO of
NPB (5.5eV), as well as high electron injection barrier
between Ef of Al (4.3¢eV) and the lowest unoccupied
molecular orbital (LUMO) of NPB (2.4¢V). When a
5-nm-thick NPB layer doped with 10vol% Csy,COs3
is inserted into ITO/NPB interface (i.e., device F
with structure of ITO/NPB: Cs2COg (5nm, 10vol%)/
NPB (60 nm)/Al (100 nm)), as shown in Fig. 3(b), cur-
rent is dramatically suppressed, which demonstrates
that the 5-nm-thick NPB:Cs;CO3 layer can effec-
tively block the hole injection for ITO anode. Thus
for device G with structure of ITO/NPB:Cs2COs3
(5nm, 10vol%)/CBP (60nm)/Al (100 nm), hole in-
jection from ITO anode can be neglected due to the
strong hole-blocking property of the NPB:CsyCOgs
layer. When a 10-nm-thick F4TCNQ layer is in-
serted into NPB:Cs;CO3/CBP interface of device G
(i.e., device H with structure of ITO/NPB:CsyCO3
(5nm, 10vol%)/F4TCNQ (10nm)/CBP (60nm)/Al
(100 nm)), however, the conduction current was signif-
icantly enhanced, which indicates that a charge gen-
eration area is formed due to the insertion of the
F4,TCNQ layer. The ultra low HOMO of F,TCNQ,
just as shown in Fig.1(a), indicates its strong elec-
tron accepting property. Taking the driven volt-
age polarity (i.e., ITO as anode, and Al as cath-
ode), the charge generation area can not be formed
in NPB:Cs2CO3/F4TCNQ interface, while be built
in F,TCNQ/CBP interface. Due to the strong elec-
tron accepting property of F4,TCNQ, charge trans-
fer from CBP HOMO to F4,TCNQ LUMO will occur
when the CBP layer is deposited on F4,TCNQ sur-
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face, just as shown in the inset of Fig. 3(b), which is
similar to the p-type doping process of F,/TCNQ in
organic semiconductor.l”'> 19?0l Then, driven by the
applied voltage, electron transported to ITO anode
through F4,TCNQ layer, as well as hole injected into
CBP layer, which will benefit the device performance
enhancement of devices B, C and D.

(a)

CBP (60nm)
NPB (60 nm) CBP (60nm) FATONG
(10nm)
NPB (60 nm) NPB:Cs,C0; NPB:Cs,C04 IEB:CE: C03
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Fig. 3. Configurations of devices E, F, G and H (a), and
their current density-voltage characteristics (b). Inset of
(b) is the energy diagram of ITO/FATCNQ/CBP struc-
ture. The arrow represents the charge transfer process
from CBP HOMO to FATCNQ LUMO.

Table 1. Current efficiency (CE) at a luminance of 100 cd/m?
and 10000 cd/m?, power efficiency (PE) at a luminance of
100 cd/m? and 10000 cd/m?, and driven voltage for devices C,
I and J at a luminance of 100 Cd/m2, i.e. Vioo.

CE100/1000 (¢d/A)  PE1g0/1000 (Im/W)  Vigo (V)
Device C 29.7/26.5 12.5/6.3 7.4
Device 1 18.2/13.6 10.3/3.0 9.4
Device J 21.6/13.0 6.7/3.1 6.7

In traditional OLEDs design, NPB was widely
used as HTL.I'l Furthermore, F4TCNQ has been
demonstrated as an efficient anode buffer layer for
fluorescence OLEDs based on NPB HTL.’!) Thus
influence of the F4TCNQ modification layer on de-
vice performance of PhOLEDs by using NPB as
HTL was also studied. As shown in Fig.4, two de-
vices with the structures of ITO/NPB (30nm)/CBP
(10nm)/CBP:Ir(mppy)s  (20nm,  10vol%)/TPBi
(40nm)/Cs2CO3  (2nm)/Al  (100nm) (device I)
and ITO/F4,TCNQ (10nm)/NPB (30nm)/CBP
(10nm)/CBP:Ir(mppy)s  (20nm,  10vol%)/TPBi
(40nm)/Cs2CO3 (2nm)/Al(100nm) (device J) were
fabricated respectively. For easy comparison with
performance of the device by using CBP as HTL,
the performance of device C is also shown in Fig.4.
As shown in Fig.4(b), device J using F4,TCNQ as
the modification layer, as well as NPB as HTL, ex-
hibits the lowest driven voltage among devices C, I,
and J. For example, at the luminance of 100 cd/m?,
the driven voltage of those three devices are 7.4V

(device C), 9.4V (device I), and 6.7V (device J)

(from Table 1). A possible reason is that, com-
pared to the HOMO of CBP, the HOMO of NPB is
closer to the LUMO of F,TCNQ, which leads to the
charge transfer from NPB to F4,TCNQ easier than
that from CBP to F4TCNQ. Thus F;TCNQ/NPB
interface exhibits stronger charge generation ability
than F4TCNQ/CBP interface at the same driven
voltage. For the performance of device efficiency,
however, device C with the F,TCNQ modification
layer, as well as CBP HTL, exhibits the highest effi-
ciency among devices C, I, and J. For example, the
maximum current efficiency (corresponding power effi-
ciency, corresponding luminance) of devices C, I, and
J are 31.3cd/A (16.11m/W, 15cd/m?), 19.6cd/A
(7.61m/W, 12cd/m?), and 23.3cd/A(13.7lm/W,
11 cd/m?), respectively. Furthermore, the efficiency
roll-off of device C is markedly decreased compared
to that of devices I and J. As shown in Table 1,
the efficiency roll-off of device C with the lumi-
nance increased from 100cd/m? to 10000cd/m? is
10.4% (29.7cd/A at 100cd/m? and 26.5cd/A at
10000 cd/m?), while that of devices I and J are
25.2% (18.2cd/A and 100cd/m? and 13.6cd/A at
10000 cd/m?) and 39.8% (21.6cd/A and 100 cd/m?
and 13.0cd/A at 10000 cd/m?), respectively.

(a)

Al/Cs,CO4 Al/Cs3CO3
TPBi (40 nm) TPBi (40nm)
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Fig.4. Configurations of devices C, I, and J (a). The
L-V—J characteristics (b) and efficiency performance (c)
of devices C, I, and J respectively.

It has been demonstrated that CBP is a bipolar
material. Both the hole mobility and electron mobil-
ity of CBP are of the order of 1073 cm?V—1s~1.[2%
Due to the better charge generation property of
F,TCNQ/CBP interface, CBP can be directly used as
HTL in device C. Thus the triplet exciton formation
region of device C should include CBP HTL as well
as CBP:Ir(mppy)s EML. However, for devices I and
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J using NPB as HTL, the triplet exciton formation
region was restricted to EML due to the strong elec-
tron blocking property of NPB.[*?l As demonstrated
by Baldo et al.,[?! larger exciton formation region of
device C will benefit its low efficiency roll-off by de-
creasing triplet-triplet annihilation. Moreover, CBP
HTL will also avoid the accumulation of unbalanced
carrier at HTL/EL interface. As shown in Fig. 5(a),
the electroluminescence spectrum of device C without
NPB HTL is stable with the increase of driven cur-
rent. However, for devices I and J with NPB HTL,
as shown in Figs. 5(b) and 5(c), the increase of NPB
fluorescence around 450 nm can be observed when the
driven current is increased. Since more excess elec-
trons will transport into the NPB layer with the in-
crease of driving current, the increase of NPB fluores-
cence indicates the existence of unbalanced holes that
are accumulated at NPB/CBP interface, which has
been demonstrated as an important source for signif-
icant efficiency roll-off.["]

0 _(a) Device C | (b) Device I | (c) Device J

Ju—

[=)
ot

EL intensity (arb. units)

o
[=)

450 600 750 450 600 750 450 600 750

Wavelength (nm)

Fig. 5. The EL spectra of devices C, I, and J as a function
of current density ((a)—(c)), respectively

In summary, a PhOLEDs with F,/TCNQ as the
ITO modification layer and CBP as the HTL is
developed. Low efficiency roll-off of 10.4% when
the device luminance is increased from 100 cd/m? to
10000 cd/m?, as well as the max current efficiency
of 31.3cd/A, is achieved. It is demonstrated that
the use of the F,TCNQ modification layer will build
a charge-generation region at the F4TCNQ/CBP in-
terface, which will enhance the hole injection into

the CBP HTL. Furthermore, using CBP as the HTL
instead of NPB will benefit the low efficiency roll-
off by enlarging the triplet exciton formation region

and avoiding accumulation of unbalanced carriers at
HTL/EL interface.
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