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Letters

Ultrathin Au Electrodes Based on a Hybrid Nucleation Layer for Flexible
Organic Light-Emitting Devices

Yan-Gang Bi, Fang-Shun Yi, Jin-Hai Ji, Chi Ma, Wen-Quan Wang, Jing Feng, and Hong-Bo Sun , Fellow, IEEE

Abstract—We report an ultrathin Au transparent electrode with
the thickness of only 4.4 nm based on an S-1805/Ag hybrid nu-
cleation layer and its application in flexible organic light-emitting
devices (OLEDs) as the replacement of indium tin oxide (ITO)
anode. The Volmer–Weber growth mode of the deposited Au film
has been suppressed successfully by using the hybrid nucleation
layer, in which the S-1805 acts as a substrate modification layer
and 0.6 nm Ag acts as a seeding layer. The resulting ultrathin Au
film with the thickness of 4.4 nm shows high transparency, high
conductivity, and ultrasmooth surface. A 25% improvement in ef-
ficiency has been demonstrated for the OLEDs with ultrathin Au
anodes compared to the ITO-based devices. The application of
the high-performance ultrathin Au electrodes in OLEDs results in
high flexibility and mechanical robustness with small performance
variations after 2100 bending cycles with a 7.5 mm bending radius.

Index Terms—Transparent electrodes, ultrathin metal film, hy-
brid nucleation layer, organic light-emitting devices.

I. INTRODUCTION

DURING the last decades, extensive attention has been
paid to transparent conducting electrodes owing to their

widespread applications, including transparent display devices,
touch screen panels, organic optoelectronic devices, and trans-
parent film heaters [1]–[5]. With high conductivity and trans-
mittance, indium tin oxide (ITO) has been considered as the
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most traditionally used transparent conductive electrode (TCE)
[6], [7]. However, ITO suffers from the increasing price with
limited indium resource, insufficient conductance for large-
area devices, and incompatibility with flexible devices due
to its poor flexibility and high annealing temperature dur-
ing fabrication [8]–[10]. To break through the limitations of
ITO, a series of novel TCEs have been developed, such as
metal nanowires [11], carbon nanotubes [12], [13], graphene
[14]–[16], conductive polymers [17], patterned metal nanos-
tructure grids [18]–[20], and ultrathin metal films [21]–[24].
Despite of the flexibility of carbon-based materials and con-
ductive polymers, the low conductivity limits their applications
as electrodes [25], [26]. Metal nanowires and patterned metal
nanostructure grids need complex synthetic and fabrication pro-
cessing, which restricts the electronic performance of organic
optoelectronic devices [27], [28].

A continuous and transparent ultrathin metal film with low
electrical resistivity and high flexibility has been considered
as a promising replacement of ITO [29]. Unfortunately, it is
well known that the thermally evaporated or sputtered ultrathin
metal film (<10 nm) follows the Volmer-Weber growth mode
usually exhibiting a discrete granular and rough morphology
due to the bad adhesion with the substrate, which largely de-
creases the optical transparency and deteriorates their electrical
conductivity [30]. A possible solution is to introduce the “adhe-
sive layer” to reinforce metal nucleation by physisorption [31]
or chemisorption [32], such as metal [33], [34], metal oxide
[35], [36], and organic molecule [37]. However, the thickness
of ultrathin metal film still limits the transmittance due to the
requirement of desired conductivity. Up to now, it is still highly
desirable to achieve an ultrathin, continuous, conductive, trans-
parent and mechanically flexible metal film by a simple and
low-temperature process with a low cost.

In the paper, we demonstrate an ultrasmooth and ultrathin
Au transparent film with the thickness of only 4.4 nm based on
a hybrid nucleation layer fabricated by a low-cost and simple
method. The hybrid nucleation layer, which consists of a S-1805
film as the substrate-modification-layer and 0.6 nm Ag film as
the seeding-layer, successfully suppresses the Volmer-Weber
growth mode induced three-dimensional (3-D) islands forma-
tion of the ultrathin Au film. Based on the combined effects
of Ag wetting behavior and chemical bonding between S-1805
and Au atoms, the 4.4 nm ultrathin Au film with the structure
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of S-1805/Ag (0.6 nm) /Au (4.4 nm) exhibits extremely good
surface morphology and photoelectric properties. Its root-mean-
square (RMS) roughness is 0.365 nm, transparency at 550 nm
is about 78.4%, and sheet resistance (Rs) is 70.4 Ω sq−1. We
have applied the ultrasmooth and ultrathin Au films with only
4.4 nm thickness in organic light-emitting devices (OLEDs) as
the transparent anode to replace ITO, and a 25% enhanced cur-
rent efficiency in OLEDs has been achieved compared to the
devices with traditional ITO anodes. Flexible OLEDs with ul-
trathin Au anodes also show superior flexibility and mechanical
robustness during the bending texts.

II. EXPERIMENT

A. Fabrication of Ultrathin Au Transparent Electrodes

The structure of the ultrathin Au transparent electrode with the
hybrid nucleation layer is S-1805/Ag/Au. The glass substrates
(20 mm × 18 mm) were ultrasonically cleaned by acetone,
ethanol, and ultrapure water, respectively, and then dried in an
oven at 95 °C for 5 min. The diluted S-1805 (Rohm and Haas
Electronic Materials, LLC) solution was spin-coated for 30 s
at 3000 rpm on substrates. Then the substrates covered with
S-1805 film were deal with ultraviolet (UV) exposure for 4 min.
After that, the Ag seeding-layer and Au film were deposited in
sequence on the S-1805 modified glass substrates.

B. Fabrication of Flexible Au Electrodes and OLEDs

The pre-cleaned Si substrate was dealt with Octadecyl-
trichlorosilane (OTS) solution for about 8 h by a vapor-
modification method to attain a hydrophobic surface [38]. A
droplet of NOA-63 (Norland Products, Inc.) was spin-coated
and then it was UV solidified for 4 min. After fabricat-
ing the ultrathin Au electrodes with the hybrid nucleation
layer as well as OLEDs on the solidified photoresist films,
the NOA-63 film with devices was peeled off totally from
Si. The NOA-63 film with the thickness of 50 μm acted as
the flexible substrate directly. The structure of the OLEDs is
substrate/TCE/MoO3 /NPB/mCP:Ir(ppy)3 /TPBi/Ca/Ag, and the
fabrication process and characterizations of OLEDs have been
reported in our previous work [9].

III. RESULTS AND DISCUSSIONS

The Volmer-Weber growth mode can be observed obviously
in Fig. 1(a). Au atoms tend to slide and gather on the surface of
glass substrate due to the mismatch of surface energy, leading to
the rough and discontinuous films in large region [39], [40]. The
RMS roughness of the 5 nm Au film on the glass substrate is
about 1.19 nm. By introducing a S-1805/Ag hybrid nucleation
film, the surface morphology of discontinuous ultrathin Au film
can be effectively improved. The surface morphologies of the
S-1805 film and glass substrate have also been investigated
in Fig. S1, which show extremely smooth surfaces and similar
roughness. Fig. 1 and Fig. S2 compare the surface morphologies
of thermally deposited ultrathin Au films on glass and modified
substrates based on the structures of glass/Au (5 nm) and S-
1805/Ag (0.6 nm)/Au (4.4 nm), respectively. The ultrathin Au

Fig. 1. AFM images of surface morphologies of (a) 5 nm Au film deposited
directly on the glass substrate with the structure of glass/Au (5 nm), and
(b) 4.4 nm Au film based on the hybrid nucleation layer with the structure
of S-1805/Ag (0.6 nm)/Au (4.4 nm).

Fig. 2. XPS spectra at Au 4f (a), S 2p (b), Ag 3d (c), N 1s (d) core level of
the glass/S-1805, glass/Ag, glass/Au, glass/Ag/Au, S-1805/Ag, S-1805/Au, and
S-1805/Ag/Au film, respectively.

film based on the hybrid nucleation layer with S-1805 substrate-
modification-layer and 0.6 nm Ag seeding-layer shows the most
continuous, homogeneous and smooth surface morphology. The
S-1805/Ag (0.6 nm)/Au (4.4 nm) film exhibits the RMS rough-
ness of 0.365 nm. The improved surface morphologies based
on S-1805, Ag seeding-layer, and the hybrid nucleation layer
can be clearly observed by the SEM measurements in Fig. S3,
respectively.

To explore the function of the hybrid nucleation layer on
the growth process of metal films, we have studied the X-
ray photoelectron spectroscopy (XPS) spectra of the samples
with the structure of glass/Ag, glass/Au, glass/Ag/Au, glass/S-
1805, S-1805/Ag, S-1805/Au, and S-1805/Ag/Au in Fig. 2 and
Fig. S4, respectively. The Au 4f spectra of S-1805/Ag/Au and
S-1805/Au show a chemical red shift compared to the spectra
of glass/Au and glass/Ag/Au, and the S 2p spectra accordingly
exhibit a blue shift compared to those of glass/S-1805 and S-
1805/Ag in Fig. 2(a) and 2(b). Additionally, the XPS spectra
of S-1805/Ag/Au and S-1805/Ag samples also emerge a chem-
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Fig. 3. Rs of the S-1805/Ag/Au film as the function of the Ag film thickness
and their transmittance at 550 nm.

ical red shift at Ag 3d and a relative blue shift at the N 1s
compared with control samples of glass/Ag, glass/Ag/Au, and
glass/S-1805, respectively, in Fig. 2(c) and 2(d). The C 1s and
O 1s spectra of all samples stay the same in Fig. S4. These
chemical shifts indicate that the functional sulfur-containing
and nitrogenous groups of S-1805 offer chemical bonding with
Au and Ag atoms, respectively, which provide dense nucleation
centers for the following deposited metal atoms [41]. On the
other hand, owing to the lower surface energy of glass sub-
strate (γ = 0.605 J m–2) compared with Au (γ = 1.5 J m–2),
the origin of Au atoms turn to grow as isolated islands and
form unconnected film on glass [42]. The Ag interlayer with
γ = 1.25 J m−2 reduces the surface energy mismatch with in-
creased wetting behavior [43]. Based on the combined effects of
Ag wetting behavior and chemical bonding between S-1805 and
metal atoms, the ultrathin Au film grows uniformly and forms
the ultrasmooth and continuous surface morphology.

Conductivity and transparency are crucial elements to judge
the properties of transparent electrodes, and Rs is also a key
indicator of continuity of ultrathin metal film. Table S1 summa-
rizes the Rs of ultrathin Au films with various Au film thick-
ness. A 5 nm Au film on the bare glass substrate directly is not
electrically connected, while the S1805/Au (5 nm) exhibits an
average Rs of 213.2 Ω sq−1 due to the function of S-1805
surface-modification-layer. The conductivity of ultrathin Au
film is further improved by introducing Ag-seeding-layer. The
Rs of the S-1805/Ag (1 nm)/Au (2 nm) is about 5.487 kΩ sq−1,
and its conductivity rapidly increases with increasing the thick-
ness of Au. The S-1805/Ag (1 nm)/Au (4 nm) film has a relative
high conductivity with Rs = 100.4 Ω sq−1. The transparency of
Au film with structures of glass/Ag/Au and S-1805/Ag/Au have
been measured as shown in Fig. S5. With the introduction of
S-1805, the transparency of the ultrathin Au films is increased
due to the lowered plasmon absorption, which is caused by the
3-D granular morphology of the metal film. We have further
optimized the thickness of the Ag seeding layer. Rs and trans-
parency of ultrathin Au film with various thickness of seed-
ing layer are summarized in Fig. 3 which was collected from
Table S2 and Fig. S6, respectively. With increasing the thickness
of Ag, Rs of ultrathin Au film based on the hybrid nucleation

Fig. 4. EL performance of the OLEDs. (a) The schematic structure of OLEDs.
Luminance-current density-voltage (b), efficiency-voltage (c), and EL spectra
(d) of the OLEDs with S-1805/Ag/Au anode or ITO anode, respectively.

layer accordingly decreases until the Ag-seeding-layer exceeds
0.6 nm. The S-1805/Ag (0.6 nm)/Au (4.4 nm) film with the
optimized Rs of 70.4 Ω sq−1 also shows a relative high trans-
parency of 78.4% at 550 nm, corresponding to a figure of merit
of 0.06 Ω−1 [44], [45]. We have compared the optoelectronic
properties of the ultrathin Au film with the performance of the
state-of-the-art transparent conductive films in Table S3.

The undesirable thermal stability of ultrathin metal films is
a serious challenge for their further applications, owing to the
dewetting behavior with reconstruction of metal islands after
high temperature annealing process. We have compared the
normalized Rs of the 4.4 nm ultrathin Au films under various
annealing temperatures and times as shown in Fig. S7, which
demonstrate superior thermal stability arising from the enhanced
interaction between Au atoms and the hybrid nucleation layer.
The increased conductivity in the initial annealing process is
induced by the improved grain boundaries of the ultrathin Au
film.

The 4.4 nm ultrathin Au film based on the hybrid nucle-
ation layer has been applied as the transparent anode in OLEDs.
OLEDs with ITO anodes have also been prepared as reference.
The EL properties of OLEDs are concluded in Fig. 4. Despite
the slightly lower transparency of ultrathin Au film compared
with ITO as shown in Fig. S8, the luminance of OLEDs is im-
proved from 48390 to 51330 cd m−2 by using the ultrathin Au
film as the replacement of ITO, and the current efficiency is also
increased from 29.7 to 37.17 cd A−1 with the 25% enhance-
ment accordingly. The EL spectra of OLEDs with two kinds of
anodes are almost identical (Fig. 4(d)) without obvious shifting
and narrowing induced by the ultrathin Au anode. The improved
EL performance of the OLEDs based on ultrathin Au anodes
not only results from the excellent properties of the hybrid film
but also the lessened power loss in waveguide modes due to the
ITO anode with high refractive index.

To investigate the mechanical performance of the Au trans-
parent film, the 4.4 nm flexible ultrathin Au film based on the
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Fig. 5. Bending measurements of the 4.4 nm flexible ultrathin Au film and
OLEDs. (a) Rs of the 4.4 nm flexible ultrathin Au film with different bending
times. (b) Variation trend of luminance and efficiency of the OLEDs at 5 V
during the bending tests. The insets show the photos of bending Au electrodes
and OLEDs.

hybrid nucleation layer has been fabricated on the flexible NOA-
63 substrate, and bending tests have been applied. The Rs of the
ultrathin Au electrode almost remains constant after up to 2500
bending cycles with a 7.5 mm bending radius in Fig. 5(a), which
demonstrates its excellent flexibility and robust mechanical ca-
pacity. In addition, there is no obvious deterioration on the EL
performance (Fig. 5(b)) of the flexible OLEDs after 2100 bend-
ing cycles, and the flexible OLEDs keep stable working without
dark spots or cracks after bending and even folding. The bend-
ing tests demonstrate the highly mechanical robustness and flex-
ibility of the ultrathin Au films and ultrathin-Au-anode based
OLEDs.

IV. CONCLUSION

In summary, we have prepared a 4.4 nm ultrathin Au film
based on hybrid nucleation layer with the construction of
S-1805/Ag/Au. The Volmer-Weber growth mode of deposited
Au film has been suppressed effectively by the wetting behavior
of Ag seeding-layer and the chemical bonding effect of S-1805
substrate-modification-layer. The 4.4 nm Au film has been ap-
plied in flexible OLEDs as the replacement of ITO transpar-
ent electrode. Due to the perfect photoelectric characteristics
and advanced photon management of the ultrathin Au films,
ultrathin-Au-anode-based OLEDs achieve a high efficiency with
25% improvement compared to the ITO-based OLEDs. The ul-
trathin Au film and OLEDs also exhibit high flexibility and
robust mechanical capacity in the bending tests with small per-
formance variations after 2100 bending cycles. This study has
demonstrated that the ultrathin and ultrasmooth Au film based
on a hybrid nucleation layer could satisfy the requirements of
desirable TCE with high transmission, good conductivity, me-
chanical flexibility, and low costs in the application of wearable
optoelectronic devices.
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