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A transparent 3-mercaptopropyl trimethoxysilane (MPTMS)/Ag/MoO; composite anode is introduced to fabricate
green organic light-emitting diodes (OLEDs). Effects of the composite anode on brightness and operating voltage of
OLEDs are researched. By optimizing the thickness of each layer of the MPTMS/Ag/MoOs structure, the transmit-
tance of MPTMS/Ag (8 nm)/MoOj; (30 nm) reaches over 75% at about 520 nm. The sheet resistance is 3.78 Q/o, cor-
responding to this MPTMS/Ag (8 nm)/MoOj3 (30 nm) structure. For the OLEDs with the optimized anode, the maxi-
mum electroluminescence (EL) current efficiency reaches 4.5 cd/A, and the maximum brightness is 37 036 cd/m>.
Moreover, the OLEDs with the optimized anode exhibit a very low operating voltage (2.6 V) for obtaining brightness
of 100 cd/m*. We consider that the improved device performance is mainly attributed to the enhanced hole injection
resulting from the reduced hole injection barrier height. Our results indicate that employing the MPTMS/Ag/MoO; as
a composite anode can be a simple and promising technique in the fabrication of low-operating voltage and
high-brightness OLEDs.
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In organic light-emitting diodes (OLEDs), tin-doped
indium oxide (ITO), owing to its high optical transpar-
ency in the visible spectrum and commercial availability,
has been exclusively used as a preferred anode. However,
ITO has some disadvantages, such as high cost, rela-
tively low work function, limited use for flexible sub-
strates and degradation of device performance over time
due to indium diffusion'"”). So far, many materials have
been used to replace ITO as electrodes, such as Cu/gra-
phene®, indium zinc oxide (IZO) protected silver film!*,
poly(3,4-ethylenedioxythiophene) (PEDOT) film"”' and
carbon nanotube!®’.

On the other hand, metals, such as Ag, Al, Au and Cu,
have been reported as anodes of OLEDs™. Among
these metals, Ag is regarded as one of the best choices
for the electrode of OLEDs, because it has the lowest
electrical resistivity (~1.6 pQ-cm for bulk material at

300 K)!"%. However, very thin metal films deposited on
glass or SiO, substrates are discontinuous because they
grow in Volmer-Weber mode. 3-mercaptopropyl trime-
thoxysilane (MPTMS) is known to bind to coinage metal
surfaces via a strong covalent linkage by forming
well-ordered self-assembled monolayers (SAMs) on
Si0,!"". A thinner continuous Ag film can be prepared on
a thermal oxide of Si or a glass substrate with an
MPTMS interlayer due to the strong interaction between
Ag atoms and the mercapto moiety of MPTMS, and Ag
thin films grown on MPTMS interlayer are flatter and
have a lower resistivity than those grown without an in-
terlayer!'”). However, Ag is generally not considered as
an ideal hole injection anode for OLEDs due to its rather
low work function (~4.7 e¢V), which does not match
well with the ionization potentials of organic materials
commonly used in OLEDs!"". Besides, MoOs as an an-
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ode modifier or dopant for the hole injection layer sig-
nificantly reduces the operational voltage and greatly
improves the efficiency and lifetime of OLEDs!"*'*. And
the variation of the thickness of MoOj; layers can
strongly modify the optical properties of the multilayer
anodes!'”. Little consideration has been given to using
the MoO;/Ag/MPTMS as an anode of green OLEDs.

In this paper, we prepare Ag and MoOj thin films with
various thicknesses on glass substrates with an MPTMS
interlayer, and their electrical and optical properties are
investigated. Then, we use the optimized Ag and MoO;
with an MPTMS interlayer as the anode in OLEDs with
the same structure. The properties of the device with an
MoOs;/Ag/MPTMS anode are compared with those using
an ITO anode.

The ITO coated glass samples with a sheet resistance
of 15 Q/o were purchased from Luminescence Technol-
ogy Corp. 3-mercaptopropyl trimethoxysilane (MPTMS)
with purity of 95% is used as an SAM material from
sigma-aldrich. N,N'-Di(naphthalene-1-y1)-N,N-diphenyl-
benzidine (NPB) with purity of 99% is used as a
hole-transport material, and tris-(8-hydroxyquinoline)
aluminium (Alq;) with purity of 99% is used as an emis-
sion material from Luminescence Technology Corp. The
electron-transport material of LiF (99% purity), and the
hole injection material of MoO; (99% purity) were pur-
chased from Luminescence Technology Corp. Ag
(99.99% purity) was obtained from sigma-aldrich.

All of the thin films except the SAM were fabricated
using a deposition chamber (AMOD, Angstrom). The
layer thicknesses of the deposited materials were moni-
tored using an oscillating quartz thickness monitor. The
current density-voltage (J-V) characteristics of the
OLEDs were measured using a Keithley 2400 source
measure unit. The electroluminescence (EL) spectrum
and luminance were recorded with Spectroradiometer
SR-ULIR (Topcon Co.). The electrical resistance was
measured at room temperature by the four-point probe
method. The optical transmittance was measured using
an ultraviolet/visible (UV/vis) spectrophotometer.

The patterned ITO glass and the glass substrates were
first ultrasonic cleaned successively in acetone, ethanol
and deionized water. The moisture was thoroughly re-
moved by nitrogen (N,) gas flow. To ensure complete
removal of all the remaining water, the patterned 1TO
glass and the glass substrates were heated on a hot plate
for 10 min at 100 °C. For hydrophilic treatment of the
patterned ITO glass, it was cleaned for 10 min in a UV
ozone (UVO) cleaner. The cleaned ITO glass was used
immediately to prepare the OLED devices.

On the other hand, after drying by N, stream, the glass
substrates were then treated in a UVO cleaner for 30 min
to increase the surface composition of hydroxyl groups.
The cleaned glass substrates were immersed into the
mixed solution immediately for forming SAM layers on
surfaces. MPTMS and toluene were mixed with bulk
ratio of 1:40. After 6 h reaction at room temperature, the
substrates were rinsed by toluene to remove the residual
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silane and finally dried in an N, stream. The SAM-
modified glass substrates were used immediately to pre-
pare the OLED devices.

The cleaned ITO glass and glass substrates were
loaded immediately into a deposition chamber housed in
an N, glove box. Ag films were deposited on glass sub-
strates with an MPTMS interlayer by vacuum evapora-
tion with pressure below 2.7x10™ Pa using an Ag wire as
the evaporation source. The effect of Ag layer thickness
on optical and electrical performance is studied with
thicknesses of 4 nm, 5.6 nm, 8 nm and 10 nm. After the
deposition of Ag film, an MoOs film was deposited using
vacuum evaporation with pressure below 2.7x10™ Pa.
The effect of MoOs; layer thickness on optical and elec-
trical performance is studied with thicknesses of 10 nm,
20 nm, 30 nm, 40 nm, 50 nm and 60 nm.

High purity source materials of NPB, Alqs, LiF and Al
were successively evaporated on MoO3;/Ag/MPTMS
anode prepared at pressure below 2.7x107* Pa. Three
OLED structures were fabricated as glass/ITO/NPB
(40 nm)/Alq; (60 nm)/LiF (1 nm)/Al (150 nm), glass/
ITO/Mo00Os (10 nm)/NPB (40 nm)/Alg; (60 nm)/LiF (1 nm)/
Al (150 nm) and glasssMPTMS/Ag/MoOs/NPB (40 nm)/
Alqg; (60 nm)/LiF (1 nm)/Al (150 nm) as shown in Fig.1.

Al(150 nm)
Al(150 nm) LiF(1 nm)
Al(150 nm) LiF(1 nm) Alq;(60 nm)
LiF(1 nm) Alq,(60 nm) NPB(40 nm)
Alq;(60 nm) NPB(40 nm) MoO,(30 nm)
NPB(40 nm) MoO,(10 nm) A(8 nm)
ITO(150 nm) ITO(150 nm) MPTMS
Glass Glass Glass

(a) (b) (©)

Fig.1 OLED structures with (a) ITO, (b) ITO/MoO; and (c)
MPTMS/Ag/MoO; as anodes

Fig.2 shows the sheet resistances (R;) of MPTMS/Ag
films with various thicknesses. It can be seen that the
sheet resistance decreases rapidly from 62 Q/o to
10.7 Q/o when the Ag layer thickness changes from
4 nm to 5.6 nm, and decreases slowly with the Ag thick-
ness when it is over 5.6 nm. When the Ag thickness is
10 nm, the sheet resistance is 2.74 Q/o. The sheet resis-
tance of the MPTMS/Ag films with 8 nm-thick Ag film
in this study (3.78 /o) is much lower than that of the
ITO film (15 Q/o). Changes in sheet resistance between
MPTMS/Ag films with Ag layer thicknesses of 4 nm and
5.6 nm can be attributed to the transition of Ag atoms
from distinct islands to continuous film!',

Fig.3 shows the optical transmission spectra of
glass/MPTMS and glass/MPTMS/Ag structures with Ag
film thicknesses of 4 nm, 5.6 nm, 8 nm and 10 nm. We
can see that the transmittance of the MPTMS/Ag multi-
layer depends on the thickness of Ag layer. Although the
transmittances of these samples cannot be directly com-
pared, the transmittances at the peak emission wave-
length of Alq; about 520 nm for 4 nm, 5.6 nm and
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8 nm-thick Ag films are almost the same. A higher loss
in transparency is observed for the Ag layer with thick-
ness of 10 nm. Finally, the thickness of 8 nm is selected
for the Ag layer to obtain the optimum electrode.

70
60F
50F
40t
30+
20+

Sheet resistance (Q /1)

10

1 1 1 1 1
4 5 6 7 8 9 10
Ag thickness (nm)

0

Fig.2 Sheet resistance of MPTMS/Ag film on glass sub-
strate as a function of Ag film thickness

S

(S I Y e N |
oS O O

(=]

Transmittance (%)

33
(=]

S O
T

400 450 500 550 600 650 700 750
Wavelength (nm)

Fig.3 Optical transmission spectra of glass/MPTMS and

glass/IMPTMS/Ag structures with Ag film thicknesses of

4 nm, 5.6 nm, 8 nm and 10 nm, respectively

Following the optimization of Ag film thickness, the
MoO; layer is studied by investigating the influence of
its thickness on the whole structure transmittance and
conductivity. Fig.4 shows the transmittance spectra
measured from electrodes with structure of glass/
MPTMS/Ag (8 nm)/MoO; (X nm) with X of 10, 20, 30,
40, 50 and 60. It can be seen that the transmittance of the
structure at about 520 nm increases with the MoQOj; film
thickness up to 30 nm, and decreases when the thickness
is beyond 30 nm, while the conductivity only increases
slightly. The maximum transmittance reaches over 75%
for the case of MPTMS/Ag (8 nm)/MoO; (30 nm) at
520 nm. When the MoOj thickness increases from 10 nm
up to 60 nm, a red shift effect of the transmission spec-
trum is also observed. Finally, the thickness of 30 nm is
selected for the MoOj; layer to obtain the optimum elec-
trode.

The OLED devices shown in Fig.1 were fabricated. Fig.5
shows the current density-voltage, voltage-luminance and
current density-current efficiency characteristics of the
devices based on the bare ITO, ITO/MoOj3 (10 nm) and
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the MPTMS/Ag (8 nm)/MoO; (30 nm) anodes, respec-
tively. As expected, the highest current density is ob-
served in Fig.5(a) for MPTMS/Ag/MoO; anode. The
voltage at a current density of 200 mA/cm? is about
9.8 V for the device with bare ITO anode, the voltage is
at about 7.6 V for the device with ITO/MoO; anode, and
it is reduced to about 6.2 V for the device with MPTMS/
Ag/MoOs; anode. The results indicate that the improve-
ment of the current density is related to the improved
hole injection by incorporating MPTMS modified Ag
and MoQ; layers as anode into the device architecture.
Further proof for the improvement of hole injection by
MPTMS/Ag/MoO; anode can be seen in the lumi-
nance-voltage characteristics of the devices shown in
Fig.5(b). The improvement of the luminance perform-
ance is very significant. The luminance is higher through
the whole voltage range compared with those of the
other two devices, indicating a lower driving voltage for
the device using the MPTMS/Ag/MoO; as anode. The
operating voltage is as low as 2.6V for obtaining
brightness of 100 cd/m? and the maximum brightness is
37 036 cd/m” for the device using the MPTMS/Ag/MoOs5
as anode. Schematic diagrams of energy levels for de-
vices with bare ITO, ITO/MoO; and MPTMS/Ag/MoO;
as anodes are shown in Fig.6. The improved perform-
ance of the device with MPTMS/Ag/MoO; anode can
be explained as follows. We can see that MPTMS/Ag
film in emitting device exhibits a higher work function
(=5.1 eV) than ITO (4.7 eV). Therefore, the hole in-
jection barrier is greatly decreased. The improvement
of current density and luminance observed in the device
with MPTMS/Ag/ MoOj; as anode is attributed to the
matching of highest occupied molecular oribital
(HOMO) levels for hole injection from the interfacial
layer into the NPB layer. It is well known that MoOs is
a wide-gap material with a band gap of 3.1 eV and a
super hole injection material for anode, and the hole
injection barrier from the anode to the hole transport
layer (HTL) is lowered. The MoOs; layer acts as a
bridge for efficient hole injection!'”-'®,
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Fig.4 Optical transmittance spectra of glass/MPTMS/Ag

(8 nm)/MoO; (X nm) structures with X of 10, 20, 30, 40,

50 and 60
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Fig.5(c) shows the current efficiency-current density
characteristics for the devices. The device using the
MPTMS/Ag/MoOs; as anode exhibits a little higher cur-
rent efficiency (4.5 cd/A) than the devices using bare
ITO (3.7 cd/A) and ITO/MoOs (4.0 cd/A) as anodes. It
indicates that the good emission properties are obtained
despite the lower optical transmittance of the MPTMS/
Ag/MoOs anode. It is conceivable that the improved hole
injection leads to the more balance of the carriers in
emitting zone, then increases the current efficiency and
decreases the operating voltage.
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Fig.5 (a) Current density-voltage, (b) luminance-voltage
and (c) current efficiency-current density characteristics

of the devices fabricated on the bare ITO, ITO/MoO;
(10 nm) and MPTMS/Ag (8 nm)/MoO3 (30 nm) anodes

Fig.7 shows the normalized EL spectra of the devices
fabricated on the bare ITO, ITO/MoO; (10 nm) and the
MPTMS/Ag (8 nm)/MoO; (30 nm) anodes, respectively.
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There is a strong F-P effect in the MPTMS/Ag/MoO; anode
device!"”. Such a cavity effect narrows the emission spec-
trum. Then, the morphological analysis is carried out for the
deposited samples. Fig.8 shows the atomic force micros-
copy (AFM) images of the MPTMS interlayer on glass
substrates with and without 8 nm-thick Ag thin film. It is-
clearly observed that Ag grains are grown small in peanut
shape, connected with each other on the MPTMS interlayer.
The root-mean- square (RMS) roughness of Ag film with
the MPTMS interlayer is as low as 1 nm. Consequently, we
confirm that the Ag film grows flat on a glass substrate with
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Fig.6 Schematic diagrams of energy level for the green
OLEDs with (a) ITO, (b) ITO/MoO3; and (c) MPTMS/
Ag/MoO;3 anodes
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Fig.7 Normalized EL spectra of OLED devices with ITO,
ITO/MoO; and MPTMS/Ag/MoO3 anodes, respectively
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Fig.8 AFM images of the MPTMS interlayer on glass
substrates (a) with and (b) without 8 nm-thick Ag thin
film (Image size is 5 ymx5 pym.)



HU et al

the MPTMS interlayer. Undoubtedly, the performance can
be further improved after the optimization of OLED struc-
ture materials.

In conclusion, we demonstrate the low-voltage and high-
brightness green OLEDs with the optimized MPTMS/
Ag/MoO; anode. Our results show that the optimized
MPTMS/Ag/MoO; anode not only shows high transmit-
tance at 520 nm, but also considerably enhances the bright-
ness and reduces the operating voltage. The introduction of
the MoO; layer on Ag layer greatly regulates the transmit-
tance of the MPTMS/Ag/MoO; anode and the hole injec-
tion barrier from the metal anode to the HTL. Therefore,
ITO-free OLED devices can be fabricated by replacing ITO
with thin MPTMS/Ag/MoQj; anode.
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