Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Effects of Gold-Nanoparticle Surface and Vertical Coverage by
Conducting Polymer between Indium Tin Oxide and the Hole
Transport Layer on Organic Light-Emitting Diodes

Sung Hyun Kim," Tae-Sung Bae," Wooseok Heo,® Taiha ]oo,§ Kyung-Deok Song,|| Hong-Gyu Park,”

and Seung yoon Ryu*~

"Department of Chemistry, College of Natural Sciences, Seoul National University, Seoul 151-747, Republic of Korea

T‘]eonju Center, Korea Basic Science Institute (KBSI), Analysis & Researcher Division, 634-18 Geumam-dong, Deokjin-gu, Jeonju-si,

Jeollabuk-do 561-756, Republic of Korea

§Department of Chemistry, Pohang University of Science and Technology (POSTECH), 77 Cheongam-Ro, Nam-Gu, Pohang,

Gyeongbuk 790-784, Republic of Korea

”Department of Physics, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul, 136-701, Republic of Korea

‘Department of Information Communication & Display Engineering, Division of Mechanical and ICT Convergence Engineering,
Sunmoon University, 221, Sunmoon-ro, Tangjeong-myeon, Asan, Chungnam 336-708, Republic of Korea

© Supporting Information

ABSTRACT: The effect of varying degrees of surface and
vertical coverage of gold nanoparticles (Au-NPs) by poly-
(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene)
(PEDOT:PSS), which was used as a capping layer between
indium tin oxide (ITO) and a hole transport layer (HTL) on
small-molecule fluorescent organic light-emitting diodes
(OLEDs), was systemically investigated. With respect to the
Au-NP loading amount and size, the resultant current densities
influenced the charge balance and, therefore, the OLED device
performance. When the capping layer consisted of ITO/Au-
NPs/PEDOT:PSS+Au-NPs, superior device performance was
obtained with 10-nm Au-NPs through increased surface
coverage in comparison to other Au-NP PEDOT:PSS
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coverage conditions. Furthermore, the Au-NP size determined the vertical coverage of the capping layer. The current densities
of OLEDs containing small Au-NPs (less than 30 nm, small vertical coverage) covered by PEDOT:PSS decreased because of the
suppression of the hole carriers by the Au-NP trapping sites. However, the current densities of the devices with large Au-NPs
(over 30 nm, large vertical coverage) increased. The increased electromagnetic fields observed around relatively large Au-NPs
under electrical bias were attributed to increased current densities in the OLEDs, as confirmed by the finite-difference time-
domain simulation. These results show that the coverage conditions of the Au-NPs by the PEDOT:PSS clearly influenced the

OLED current density and efficiency.
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B INTRODUCTION

Reduced power consumption is one of the main goals that
should be achieved to realize the mass production of organic
light-emitting diodes (OLEDs).'™® Thus, considerable atten-
tion has been paid to increasing OLED efficiency in order to
reduce power consumption. The charge balance between the
holes and electrons within these devices is an important factor
determining the efficiency.>’ In particular, an enhanced hole
injection capability is required to overcome the effects of the
large injection barrier between the transparent anode and hole
transporting layer (HTL).”~> Gold nanoparticles (Au-NPs)'~®
have been introduced as a manner of improving OLED
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performance through both electrical and optical means, by
enhancing the charge balance through management of the hole
carrier density>™® and strengthening the luminance efficiency
via the surface plasmonic resonance (SPR) effect, respec-
tively.” "' The most important criterion determining the SPR
effect is the optical effect due to the overlap between the Au-
NP absorption and the emission of the emitter.” '° The
coincidence of these two spectra generates resonance between
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the surface plasmons (SPs) at the Au-NPs and the radiated
light from the emitter, enhancing the electroluminescence
(EL).>™" The other factor influencing the SPR effect is the
distance between the Au-NPs and the emitter, because the
number of surface plasmons (SPs) in the vicinity of the metal
nanoparticles exponentially decreases as this distance in-
creases.” % The SPR effect can be quite efficient for dipole—
dipole coupling between SPs and excitons within a 10-nm
distance.

In terms of the charge balance dependency on the hole
injection and its effect on the electrical properties (not the SPR
optical effect), the surface coverage of the OLED anode, which
is controlled by the degree of Au-NP dispersion, has been
found to be extremely critical as regards variation of the hole
current density,” although the exact mechanism has not been
established. It has been found that, when the Au-NP surface
coverage on an indium tin oxide (ITO) anode (with no added
poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythio-
phene) (PEDOT:PSS)) is over 2.1%," the hole injection is
increased compared to that of a control device without Au-NPs.
This enhancement is attributed to the reduction of the
potential barrier between the ITO and HTL.*~® However, for
surface coverage of less than 2.1%, the hole injection was found
to be suppressed. This is explained as being due to the fact that
Au-NPs capture the hole carriers because of the electrostatic
interaction between them;>~ however, a deeper understanding
of this behavior has not yet been obtained.

Another approach to enhancing the charge balance is
through the addition of Au-NPs to a conduction polymer
(PEDOT:PSS) on the ITO anode. Although a small number of
studies on the effects of introducing Au-NPs to PEDOT:PSS
for increased hole injection have been conducted,"**™® the
effects of varying the degree of vertical coverage of the Au-NPs
by the PEDOT:PSS have, to the best of our knowledge, not
been studied. Note that, here, we define surface coverage as the
lateral distribution depending on the Au-NP density, whereas
vertical coverage is dependent on the sizes of the Au-NPs
themselves, that is, whether or not the Au-NPs are enclosed
within the PEDOT:PSS. Moreover, the surface coverage can be
categorized in two ways: Surface coverage without PEDOT:PSS
is simply a two-dimensional distribution on the ITO, while that
with PEDOT:PSS is a three-dimensional distribution (a small
number of stacked layers) within the PEDOT:PSS due to the
aggregation of the Au-NPs.”®'Y12 Hence, both the PE-
DOT:PSS thickness and the Au-NP size are quite critical as
regards both the surface and vertical coverage, which ultimately
affect the device performance.

To apply the SPR effect, Kim et al. have reported that
relatively small Au-NPs (~12 nm in diameter) blended with
PEDOT:PSS have been incorporated into transparent anodes
in OLEDs." PEDOT:PSS itself has been widely used as an
interfacial layer to adjust the hole injection capability of ITO
anodes in OLEDs. However, this approach has yielded the
disadvantage of a high operating voltage, at over 15 V at 1000
cd/m? in spite of a moderately improved efficiency, resulting
from relatively low anode sheet resistance compared to those of
the examined control devices without Au-NPs. This limited
device performance can be explained as being due to a small
SPR effect and poor charge balance.

PEDOT:PSS blended with relatively large Au-NPs (40—50
nm)®” or polystyrene-coated Au-NPs (Au@PS NPs) has been
used to create a localized SPR effect.’™'* Further, improved EL
has been achieved through the overlap of the Au-NP

absorptions and the photoluminescence (PL) spectrum of the
emitters, and has been confirmed through examination of the
exciton lifetime measured using time-resolved PL spectrosco-
py.” Although the light extraction efficiency due to the
incorporation of large Au-NPs close to the emitters (less than
10 nm) was found to be strengthened by the SPR effect, the
resultant device performance was relatively low. This was
because of a charge imbalance with energy-level mismatch that
was due to the absence of transporting materials and the
hindrance of charge transport.” In addition, these reported
results did not indicate a clear relationship between the SPR
effect and the carrier trapping at the Au-NPs in terms of the
hole injection capability and the corresponding charge balance.
The correlation between the coverage of a capping layer on the
ITO anode containing Au-NPs of different sizes and at varying
positions and the resultant OLED performance is, therefore, far
from being established.

In this study, we examined different devices with varying
degrees of surface and vertical coverage of Au-NPs by
PEDOT:PSS, which was positioned between ITO and an
HTL in fluorescent OLEDs. We correlated the measured device
performance with the Au-NP coverage parameters, which were
determined by the Au-NP loading amount and size. A 100-nm-
thick HTL was used to prevent short circuiting and to eliminate
the SPR effect, so that this factor could be neglected as a source
of the observed behavior. To gain insight into the role of the
Au-NPs in relation to the OLED performance, the hole
injection capability and interfacial resistance were investigated
by examining the current densities of hole-only devices
(HODs) and the impedance of the Cole—Cole plot. A finite-
difference time-domain (FDTD) simulation was conducted to
verify the local electromagnetic fields around the Au-NPs in the
fabricated devices, so as to understand the changes in the
current densities in response to variations in the vertical
coverage of the Au-NPs in the PEDOT:PSS.

B EXPERIMENTAL SECTION

1. PEDOT:PSS with Au-NP sample preparation. Heraeus
Clevios P VP AI 4083 PEDOT:PSS (Ossila) and 0.05-mg/mL Au-NPs
in aqueous suspension (Sigma-Aldrich) were purchased commercially.
Note that all unconjugated gold colloids contain approximately 0.01%
HAuCl, suspended in 0.01% tannic acid with 0.04% trisodium citrate,
0.26 mM potassium carbonate, and 0.02% sodium azide as a
preservative.

To investigate the effects of varying degrees of Au-NP surface
coverage, 10-nm Au-NPs were selected, with monodispersity being
confirmed by the manufacturer. For device II (described below),
PEDOT:PSS blended with isopropanol (IPA) without 10-nm Au-NPs
((PEDOT:PSS):IPA = 1:2 by volume) was spin-coated on ITO, to be
matched with the total dilution level of the PEDOT:PSS blended with
the IPA and Au-NP solution.

To investigate the effects of varying vertical Au-NP formations, 10-
(mean particle size: 8.5—12.0 nm), 20- (mean particle size: 18.5—22.5
nm), 50- (mean particle size: 47.5-53.0 nm), and 90-nm Au-NPs
(mean particle size: 85.0—95.5 nm) were selected. PEDOT:PSS
blended with IPA with Au-NPs of each size ((PEDOT:PSS):IPA:Au-
NP = 1:1:1 by volume) was spin-coated on ITO. The IPA was used for
film formation.

2. Sample preparation and device fabrication. To construct
the OLEDs, ITO glass was initially cleaned with deionized water,
acetone, and IPA under sonication at 40 kHz and then subjected to
ultraviolet-ozone (UV/Q3) treatment, in order to adjust the ITO work
function. To deposit the Au-NPs onto the ITO (device I), Au-NPs of
~10 nm in size and dispersed in IPA (Au-NPs:IPA = 1:2 by volume)
were spin-coated at a rotation speed of 3000 rpm. For device II,
PEDOT:PSS blended with IPA ((PEDOT:PSS):IPA = 1:2 by volume)
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was spin coated onto the ITO glass. For device III, PEDOT:PSS
blended with Au-NPs and IPA ((PEDOT:PSS):IPA:Au-NPs = 1:1:1
by volume) was spin coated onto the ITO glass while, for device IV,
PEDOT:PSS blended with Au-NPs and IPA ((PEDOT:PSS):IPA:Au-
NPs = 1:1:1 by volume) was spin coated onto ITO glass coated with
Au-NPs (Au-NPs:IPA = 1:2 by volume). For device V, Au-NPs with
IPA (Au-NPs:IPA = 1:2) were spin coated onto the PEDOT:PSS+Au-
NP film ((PEDOT:PSS):IPA:Au-NPs = 1:1:1 by volume), formed on
the ITO glass coated with Au-NPs (Au-NPs:IPA = 1:2 by volume).
The PEDOT:PSS layer with/without the NPs (devices II—-V) was
then annealed on a hot plate at 200 °C for 10 min under ambient
conditions. The thickness of the capping layer was confirmed to be
approximately 30 nm, using spectroscopic ellipsometry (SE). The
optical density (OD)"® was estimated based on the absorption ratio for
the capping layer with different Au-NP concentrations, and compared
with that of the PEDOT:PSS layer without Au-NPs, as shown in
Figure S1 of the Supporting Information.

After the baking process, N,N-bis(1-naphthyl)-N,N'-diphenyl-1,1'-
biphenyl-4,4’diamine (NPB), 2,3,6,7-tetrahydro-1,1,7,7,-tetramethyl-
1H,5H,11H-10(2-benzothiazolyl) quinolizino-[9,94,1gh]-coumarin
(C54ST) 3%-doped tris(8-quinolinolato) aluminum (Alg;), and Algs
were thermally deposited as an HTL (100 nm), an emission layer
(EML; 40 nm), and an electron transport layer (ETL; 25 nm),
respectively, in a high-vacaum chamber. Finally, a LiF/Al (1 nm/120
nm) layer was deposited via thermal evaporation using a shadow mask
with an area of 0.04 cm?.

3. Device characteristic measurement and optical simu-
lation. The current density—voltage (J—V) and luminance—voltage
(L-V) characteristics of the fabricated devices, along with their EL
spectra, were measured using a Keithley 2400 voltmeter and a
PhotoResearch PR-650 spectrometer. Ultrahigh-resolution field-
emission scanning electron microscopy (UHR FE-SEM, S$-5500,
Hitachi, Japan) was also conducted at the KBSI Jeonju Center, for an
accelerating voltage of 7 kV.'*'® The PL lifetime” was also measured
using the time-correlated single-photon-counting (TCSPC)'®"
method. Picosecond time-resolved fluorescence experiments were
performed through TCSPC. The light source was a home-built cavity-
dumped Ti:sapphire oscillator pumped by a frequency-doubled
Nd:YVO4 laser (Verdi, Coherent Inc.), and generated 20 fs pulses
per 13 ns. The center wavelength of the oscillator output was adjusted
to 800 nm and its frequency was doubled using second harmonic
generation in a 300-um-thick f-barium borate (BBO) crystal where
the absorption maximum was that of the Alq;:CS4ST organic light-
emitting layer. The pump pulse power was 0.3 nJ and the fluorescence
was collected by a parabolic mirror and detected using a microchannel-
plate photomultiplier tube (MCP-PMT; Hamamatsu R3809U-51).
The instrumental response function was estimated to be 60 ps (full
with at half-maximum; fwhm). Impedance spectroscopy (IS) measure-
ments were conducted using a Novocontrol broadband dielectric
spectrometer equipped with a 4-wire impedance test interface in a 2-
probe configuration and a Bio-Logic VMP-3 potentiostat, over a range
of 1 Hz to 100 MHz with 10-mV oscillation amplitude. The FDTD
simulation was performed using home-built software. A laterally
polarized monochromatic dipole source was excited at a height of 50
nm from the center of the Au-NPs. A model with one Drude pole and
two critical point poles was used to fit the com}lalex permittivity of the
Au over a wavelength range of 340—1000 nm. ® The other materials
were assumed as being nondispersive and nondissipative. In
simulation, a nonuniform grid method was used to increase the
calculation speed. The spatial resolution was 1 nm in the vicinity of the
Au-NPs and was gradually increased up to 10 nm outside the fine
region. The calculation was iterated over 100 optical periods to reach a
steady state, and the electrical field intensity distribution for the final
optical period was obtained.

B RESULTS AND DISCUSSION

1. Effects of surface coverage of Au-NPs by
PEDOT:PSS and Au-NP lateral distribution on device
performance. We investigated the effect of varying degrees of

surface and vertical coverage of Au-NPs by PEDOT:PSS on
device performance, with the surface and vertical coverage
being determined by the loading amount and size of the Au-
NPs in the PEDOT:PSS. A device structure comprising ITO/a
capping layer/NPB/Alq;:C545T/Alq;/LiF/Al was constructed,
and devices I-V were fabricated with varying characteristics.
The capping layers consisted of PEDOT:PSS only (device II),
PEDOT:PSS+Au-NPs (device III), and Au-NPs/PEDOT:PSS
+Au-NPs (device IV), respectively. For comparison, device I
was fabricated with sole Au-NPs spin-coated on the ITO
substrate, and device V was composed of Au-NPs/PEDOT:PSS
+Au-NPs/Au-NPs. The OD values were 28, 33, and 37 for
devices III, IV, and V, respectively, as shown in Figure S1. The
schematic device structures are shown in Figures 1 and S2, and

(a) Device III
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EML 40 nm
(Alq3+C545T : 3%)

HTL (NPB) 100nm

HIL (PEDOT:PSS+Au-NPs)
30 nm
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NPB ||| ) i
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— ! ;
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54 |i___.
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Figure 1. (a) Device III structure with 10-nm Au-NPs in PEDOT:PSS
between ITO and NPB HTL. Inset: UHR FE-SEM image of spin-
coated (3000 rpm) PEDOT:PSS blended with Au-NPs (~10 nm in
size) and IPA ((PEDOT:PSS):Au-NPs in solution:IPA = 1:1:1 by
volume) on ITO glass. (b) Corresponding energy band diagram (The
yellow spheres represent Au-NPs.).

a corresponding band diagram is shown in Figure 1(b). The
Au-NP concentration was constant for all experiments in which
the spin-coating process was used; thus, the loading amount of
Au-NPs in devices III, IV, and V increased by exact multiples of
the spin-coating number in the capping layer.

Note that the use of 2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline (BPhen) material, which has faster electron mobility
1721 35 an ETL may yield superior device
performance because of its superior charge balance and energy
band alignment. Therefore, this different device structure will
be studied in a future investigation in order to optimize the
device performance. The charge balance of holes and electrons
in the EML is quite critical to the device performance, and it
can be varied by adjusting the carrier mobility at the HTL and
ETL.1921
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Figure 2. OLED characterization for different Au-NP positions and surface coverages for devices II, III, and IV: (a) Current density vs voltage; (b)
luminance vs voltage; (c) current efficiency vs luminance; and (d) power efficiency vs luminance.

To investigate the effects of surface coverage and lateral
distribution on the device performance, 10-nm Au-NPs were
selected and enclosed in the PEDOT:PSS, in which the Au-NPs
were readily aggregated.”®'"'>'> Thus, a small number of
diversely formed stacked layers were created in the
PEDOT:PSS, according to the specific device configurations
given above. The location of the deposited Au-NPs was
determined by the stacking order of the device structure. These
positions were divided into three categories: below, inside, and
above the PEDOT:PSS, as shown in Figures 1 and S2.
However, the Au-NPs were primarily aggregated inside the
PEDOT:PSS. Therefore, the final formation of the Au-NPs in
the PEDOT:PSS is shown as a three-dimensional lateral surface
coverage.

In our previous work,"> Au-NPs located between PE-
DOT:PSS and tungsten oxide (WO;) were found to shift the
potential barrier from 0.88 to 0.68 eV, which enhanced the hole
transport from the WOj to the PEDOT:PSS in the device."® In
this manner, the band alignment between the PEDOT:PSS
+Au-NPs and the NPB aided the effective movement of hole
carriers between the ITO and the NPB. Figure 1(a, inset) is a
micrograph of the aggregated Au-NPs blended with the
PEDOT:PSS on ITO glass (device III), obtained using an
ultrahigh-resolution field-emission scanning electron micro-
scope (UHR FE-SEM)."*'® A cluster of Au-NPs can be seen in
this case, whereas sole Au-NPs are well-dispersed on the ITO
(device 1), as shown in Figure S2 inset-(I). With respect to the
relationship between the loading amount of the Au-NPs and
the spin-coating number for different device structures, the
aggregated Au-NPs in the PEDOT:PSS have different
morphologies for different devices, as can be seen in Figures
1(a) and S2 insets-(II) and (III). An increase in the Au-NP
loading amount is generally accompanied by an increase in the
degree of particle aggregation in the PEDOT:PSS, due to
electrostatic interaction between each NP and the PE-
DOT:PSS.”®'"'*>!5 This aggregated Au-NP formation can
interrupt the hole transport and transmute the SPR effect.’~¢

15034

1.1. OLED device characterization for surface coverage
with Au-NPs in PEDOT:PSS. The current density—voltage (J—
V) and luminance—voltage (L—V) characteristics of three
OLEDs with Au-NP surface coverage for five differently
structured devices are shown in Figures 2(a), 2(b), S3(a),
and S3(b). Device I exhibits the poorest current density and
luminance results of all the devices apart from device V, which
has equally poor performance, as can be seen in Figures S3(a)
and (b). In particular, exciton formation almost does not occur,
because of reduced current injection via severe carrier capture
at the three-dimensional aggregated Au-NPs. As shown in
Figure S2 inset-(I), the ITO surface of device I has less than
2.1% Au-NP coverage (device I had 0.15%, as can be seen in
Figure $4).*° This poor performance is attributed to the fact
that the potential barrier between the Au-NPs and NPB is 0.4
eV.** In terms of surface coverage, Au-NPs can play the role of
trapping sites for carrier capture; besides, from a different
standpoint, hole injection is facilitated by the adjustment of the
energy band alignment.’~® Consequently, the captured carriers
at the Au-NP sites in device I under the surface coverage
threshold severely break the charge balance in the EML. This
result is consistent with previous reports that energy level
alignment or trapping sites occur between the capping layer and
the anode.”™®

In devices III and IV, the Au-NPs are fully enclosed by the
PEDOT:PSS, and the hole injection is improved with the
assistance of the PEDOT:PSS. This is in comparison with the
hole injection exhibited by device I. The current density of
device II is higher than those of devices III and IV, because
charge carriers are not severely captured at the Au-NP sites.*™
Device III (OD = 28) exhibits a slightly decreased current
density due to the charge trapping of the Au-NPs in the
capping layer,* ® while device IV (OD = 33) exhibits
significantly less current injection, because of the increase in
the Au-NP density and aggregation for charge trapping between
the ITO electrode and the NPB layer. Consequently, the device
performances deteriorate rapidly in accordance with the OD
values over 33. However, the luminance data of devices II and
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Figure 3. OLED properties depending on different Au-NP positions and degrees of surface coverage: (a) Optical properties, absorption of
PEDOT:PSS with Au-NPs and PL intensities of Alq3 and Alq;+C54ST (3%; weight percent); (b) normalized EL intensity (inset: absorption peak of
10-nm Au-NPs in solution); (c) TCSPC data showing changes in PL lifetime without NPB (100 nm); and (d) TCSPC data showing changes in PL

lifetime with NPB (100 nm).

III are almost identical, while those of device IV are slightly
lower than those of devices II and III, as shown in Figure 2(b).
Thus, the current efficiency (cd/A) and power efficiency (Im/
W) values of both devices III and IV are higher than those of
device 11, as shown in Figures 2(c) and (d), respectively. This
can be attributed to the fact that the charge balance in the EML
is managed by reducing the hole injection caused by the Au
NPs. For device IV, luminance of 150 and 20,000 cd/m? was
obtained at 3.5 and 8 V, respectively. This is a very low
operating voltage, in comparison with the operating voltages of
over 20 V reported by other research groups.®’

In Figures 2(c) and (d), the current and power efficiency
roll-offs of all devices (apart from I and V) are shown. The
observed reduction in efficiency roll-off may be due to the
trapping sites at the Au-NP locations and the heterojunction
contact between the spin-coated PEDOT:PSS and thermally
evaporated NPB. The carriers accumulate at the trapping sites
and heterogeneous interface, which causes the device operation
voltage to increase and eventually leads to deterioration of the
efficiency roll-offs. The difference in current efficiencies
observed here is larger than the difference in the power
efficiencies for all the devices. This can be attributed to the fact
that the operating voltage was increased with the increased
surface coverage from device II to device IV.

From these results, it was found that the optimized surface
coverage of the Au-NPs enclosed by the PEDOT:PSS is
beneficial for hole injection, whereas direct contact between the
Au-NPs and NPB with low surface coverage and without a
PEDOT:PSS capping layer is unfavorable for device efficiency.
The latter is due to the resultant heavy carrier accumulation in

15035

the Au-NPs that breaks the charge balance.*® In addition,
exceeding the threshold of the three-dimensional surface
coverage of the Au-NPs aggregated in the PEDOT:PSS almost
blocks carrier injection into the device.

1.2. Optical characterization of ultraviolet (UV) absorp-

tion data, PL intensities, and EL data for Au-NPs in
PEDOT:PSS. The ultraviolet (UV) absorption data, PL
intensities, and EL data shown in Figures 3(a) and (b) were
used to confirm that the SPR effect had no effect on the device
performance in this study. We can infer that the distance
between the Au-NPs and the emitters is sufficiently far to
prevent the SPR effect, because 100-nm-thick NPB was inserted
between the capping layer and the EML. The absorption peak
of the pristine Au-NPs in solution shown in Figure 3(b, inset) is
at approximately 520 nm.”~® Generally, the dielectric environ-
ment between the PEDOT:PSS and Au-NPs simultaneously
induces either a red shift or a blue shift in UV spectra.*”%'*!°
In the absorption spectrum of ITO/PEDOT:PSS+Au-NPs film,
two main absorption peaks occur in the ranges of 400—550 nm
and 550—750 nm, while the PL peak of the Alq;+C545T EML
is in the region of 500—600 nm, as shown in Figure 3(a). The
absorption of this film overlaps the PL of the EML in two areas:
500—550 nm and 550—600 nm. However, the PL peak from
the emitters in the EML does not overlap the absorption peak
of the PEDOT:PSS+Au-NPs on the ITO electrode exactly.
This result explains why the EL spectra of the devices with Au-
NPs have a slightly enhanced shoulder peak at approximately
570 nm, instead of exhibiting an SPR effect caused by the Au-
NPs, as shown in Figures 3(b) and SS5.
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The EL intensity of device IV, at approximately 570 nm, is
the highest of all the devices. The more Au-NPs that are
aggregated in the PEDOT:PSS, the greater the optical
enhancement that can occur. Likewise, the current densities
are altered by the carrier trapping at the Au-NP sites; thus, a
small shift in the recombination zone could be caused by the
microcavity effect.'”~>" Note that, although the Au-NPs were
enclosed in the PEDOT:PSS, it was not possible to observe a
plasmon-derived resonance effect, because little overlap
occurred between the absorption of the Au-NPs and the PL
of the emitters.

1.3. Analysis of time-correlated single-photon-counting
(TCSPC) for Au-NPs in PEDOT:PSS. The PL lifetime’ was also
measured using the time-correlated single-photon-counting
(TCSPC)'®'” method. This was to determine whether
plasmon effects in the aggregated 10-nm Au-NPs occurred at
the PEDOT:PSS thin film, both with and without the 100-nm-
thick NPB, as shown in Figures 3(c) and (d), respectively.
Generally, excitons are generated in the EML through excited
molecular singlets, exciplexes, and electroplexes. In this study,
excitons diffused to the interface between the Au-NPs
embedded in either the PEDOT:PSS or NPB, to create
diffused transfer (DT) states similar to charge transfer (CT)
states in solar cells.***> However, the samples used in the
TCSPC analysis could have been affected by DT states and
photoexcited excitons, as in solar cells, because the photons
were injected into the samples from an external laser source
during the TCSPC measurements. Further, fluorescent singlet
excitons move quicker than triplets as a result of Forster
resonant energy transfer, which can be affected by long-range
electrostatic coupling between excited transition dipoles. Thus,
polarons are generated by the carriers captured at Au-NPs for
holes and C545T dopants for electrons, respectively.”>** In the
case examined here, the exact correlation between the singlet or
triplet diffusion length and a feasible coupling process with the
Au-NPs through the NPB blocking layer requires further
investigation, which will be conducted in future studies.

Excitons, along with SPs, can be degraded in Au-NP-
containing conducting PEDOT:PSS,°™'® because the dissipa-
tion caused by coupling between the SPs at the Au-NPs and the
radiated excitons is considerably faster than the spontaneous
recombination of the excitons, as shown in Figure 4(a).
Therefore, the exciton lifetimes in SP-enhanced devices should
be shorter than those in devices without SP enhancement.”'%"”
The PL lifetimes of the Alq;+CS54ST samples with
PEDOT:PSS (device II) and PEDOT:PSS+Au-NPs (device
III) are slightly shorter than those of the samples without
PEDOT:PSS (device I) or with EML only, whereas the sample
containing Au-NPs/PEDOT:PSS+Au-NPs (device IV) has a
significantly shorter PL lifetime because of the increase in the
amount of Au-NPs. However, as shown in Figure 3(d), the PL
lifetimes of devices III or IV with 100-nm-thick NPB were
slightly longer than those without Au-NPs or with EML only.
This can be attributed to our device structure, since the 100-
nm-thick NPB layer inserted between the EML and the capping
layer blocked the interaction between the SPs on the Au-NPs
and the excitons generated in the EML sufficiently, as shown in
Figure 4(b).” The generated optical enhancement was
confirmed through examination of the EL intensity, by
examining the light trapping effect caused by the complicated
light path created by the aggregated Au-NPs,'' as shown in
Figure SS. Thus, we can infer that Au-NPs may not affect the
PL lifetime and device enhancement by the SPR effect if the
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Figure 4. Schematic modeling depending on blocking of 100-nm NPB
between SPs around Au-NPs and excitons from emitters: (a) Expected
coupling process between SPs around Au-NPs and excitons from
emitters without 100-nm NPB; (b) no coupling process between SPs
around Au-NPs and excitons from emitters with 100-nm NPB. The
DT states are diffused transfer states.

device employs a 100-nm-thick NPB layer. However, the
enhancement in the current efficiency in the devices mainly
originates from the improved charge balance control rather
than from the SPR effect.5'°

1.4. Analysis of correlation between hole capture and
resistance of Au-NPs in PEDOT:PSS using hole-only devices
(HODs). To investigate the correlation between current density
and hole capture at the Au-NP trapping sites, HODs were
fabricated with an ITO/capping layer/NPB (100 nm)/Al
structure. Figure S(a) presents the J—V curve of the HODs for
devices II, III, and IV for voltages of up to 8 V, while Figure
5(b) provides the J—V curve of the HODs and the regional
tendencies of the current transport mechanism up to 16 V. The
HOD current densities can be divided into four parts:*¥*°
ohmic, trap-filling space-charge-limited current (SCLC), trap-
filled limit (TFL), and trap-free SCLC regions, according to the
subsequent increase in operating voltage, as can be seen in
Figure 5(b).***> As Au-NPs were added into the PEDOT:PSS,
the HOD current densities were decreased because of the
occurrence of hole capturing at the Au-NP trapping sites in the
trap-filling SCLC region, up to 9 V. However, after the TFL
region, in the trap-free SCLC region, the tendency of the HOD
current density to decrease was removed, meaning that the
HODs with Au-NPs exhibited high current density values as the
Au-NP concentration increased.

The current densities of all the HODs are dependent on the
bias and the Au-NP density. Thus, the current density gradually
decreases as the amount of Au-NPs increases in the capping
layer in the trap-filling SCLC region, which may be due to an
increase in the amount of impurities. This can be understood
through the fact that charges accumulate at the Au-NPs as the
electric bias increases. The carriers trapped by the Au-NPs
induce poor current flow, which results from an increase in the
trapping site density. Generally, the presence of trapping sites
affects the charge carrier mobility (or transport) under SCLC
conditions.”*** The enhancement of carrier mobility (density)

at higher bias has been observed, which may be due to the field-
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(a)
Hazy image, fully covered
by PEDOT:PSS

ITO Glass / PEDOT:PSS (30 nm) + Au-NP
(10, 20 nm)

(b)

Bright image, partially covered
by PEDOT:PSS

ITO Glass / PEDOT:PSS (30 nm) + Au-NPs
(50, 90 nm)

10 nm

20 nm

fullyj covered by

90 nm

Figure 6. Schematic structures for different Au-NP sizes and degrees of vertical coverage between ITO and NPB HTL, respectively. (a) Hazy UHR
FE-SEM images due to organic materials in conductive polymer for 10- and 20-nm Au-NPs in PEDOT:PSS. The Au-NPs were fully covered by the
PEDOT:PSS. (b) Bright UHR FE-SEM images for 50- and 90-nm Au-NPs in PEDOT:PSS. The Au-NPs were partially covered by the PEDOT:PSS.

dependent lowering of hopping barriers. At high applied bias,
this causes a gradual filling of the traps, and thus, the overall
carrier mobility (density) increases with the electric field. This
indicates that the SCLC behavior dominates the charge
transport of the devices and the charges are accumulated at
the interface between the HTL and EML. However, a quasi-
ohmic transport was observed at high applied bias (over 10.5
V). This can be attributed to the fact that all of the traps are
filled by the charges, leading to ohmic transport behavior.

1.5. Analysis of impedance spectroscopy (IS) measure-
ments for Au-NPs in PEDOT:PSS. The effect of the
PEDOT:PSS+Au-NP layers on the interfacial resistance
between the ITO and the capping layer was evaluated to
obtain insight into the hole trapping and current density under

15037

high-voltage conditions, using impedance spectroscopy (IS)
measurements' #'>?%*” as shown in Figure 5(c). IS is an
outstanding, nondestructive tool for characterizing various
optoelectronic devices, which can reveal charge-carrier lifetimes,
electronic densities-of-states, and charge carrier concentra-
tions."*'%%%%” Here, device II exhibited a higher interfacial
resistance than the other devices, indicating that the
PEDOT:PSS single layer was a severe bottleneck causing
increased series resistance (R,) with increased interfacial
resistance between the ITO and NPB HTL layer. However,
device IV exhibited reduced resistance at the ITO and capping
layer interface, which improved its performance. This is
consistent with the previous finding that the short-circuit
current and power conversion efficiency in solar cells increase
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Figure 7. OLED characterization for 0-, 10-, 20-, S0-, and 90-nm Au NPs (different sizes and degrees of vertical coverage). The 0-nm case indicates
that there were no Au-NPs in the PEDOT:PSS. (a) Current density vs voltage. (b) Luminance vs voltage. (c) Current efficiency vs luminance. (d)

Power efficiency vs luminance.

with increasing impedance response, because the charge
recombination is inhibited.*” In addition, the current density
in an OLED is generally determined by various parameters such
as the interfacial resistance, the energy-level alignment with
adjacent layers, and the trap centers. Although the current
density at a lower voltage (approximately 8 V) in the trap-filling
SCLC region does not correspond with the behavior of the
interfacial resistance in this study, the behavior of the HOD
current density at higher voltage in the trap-free SCLC region is
well-matched with that of the interfacial resistance. Therefore,
we might assume that the addition of Au-NPs to the
PEDOT:PSS is favorable to the carrier mobility of both holes
and electrons at higher voltage, inducing a small interfacial
resistance. This can be attributed to the improved charge
transport capability, and thus, the current flow between the
ITO and the capping layer is increased after the traps are
filled." > Based on the above discussion, it can be concluded
that the HOD results are consistent with the impedance results,
with the interfacial resistance of device IV being the lowest of
all the examined devices.

2. Effects of vertical coverage of Au-NPs by
PEDOT:PSS on device performance. 2.1. OLED device
characterization for 0-, 10-, 20-, 50-, and 90-nm Au-NPs in
PEDOT:PSS. In order to investigate the effect of Au-NP size and
the degree of vertical coverage within the PEDOT:PSS capping
layer on the device performance (Figures 6(a) and (b)),
additional devices were fabricated as follows. The device
structure used was ITO/PEDOT:PSS+Au-NPs (0, 10, 20, S0,
and 90 nm as the average Au-NP diameter) /Alq;:C545T/Alq,/
LiF/Al Note that no Au-NPs were present in the 0-nm Au-NP
case. After deposition of the capping layer, the experimental
procedures and conditions were identical to those used in the
investigation of the effects of varying surface coverage.

The current density and luminance results for the devices
with 0-, 10-, 20-, 50-, and 90-nm Au-NPs are shown in Figures
7(a) and (b), respectively. When Au-NPs with diameters
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smaller than the PEDOT:PSS thickness of 30 nm are enclosed
in the PEDOT':PSS capping layer, both the current density and
luminance are lower than those of the device with only
PEDOT:PSS (device 1I). (Note that hazy images were
observed during FE-SEM measurement in this case, due to
the presence of organic materials, as shown in the inset of
Figure 6(a). This means the Au-NPs were fully covered by the
PEDOT:PSS.) However, in the case of large (50- and 90-nm)
Au-NPs, both the current density and luminance are higher
than those of the device with PEDOT:PSS only (device II).
(Here, bright images of large Au-NPs with bordering
PEDOT:PSS lines were clearly observed in the FE-SEM
measurement, which were not due to organic materials. This
means the Au-NPs were partially covered by the PEDOT:PSS,
as shown in Figure 6(b).) Remarkably, the current efficiencies
of all other devices (with both small and large Au-NPs) are
higher than those of device II. This can be attributed to the fact
that both the charge balance and the enhanced hole injection
improve the device performance.

For the case of the surface coverage of the ITO without
PEDOT:PSS (device 1), the threshold with respect to the
number of Au-NP trapping sites or the energy band alignment
between the ITO electrode and the NPB HTL determines
whether the carrier injection will be increased or decreased.
With PEDOT:PSS enclosing the Au-NPs, certain Au-NP
loading amounts can block the carrier injection and affect the
total charge balance in the devices. However, as regards the
vertical coverage, the size of the Au-NPs is the critical factor
determining the current injection behavior. The EL intensity
data and the absorption peaks of the pristine Au-NPs (10, 20,
50, 90 nm) in solution are shown in Figures S6(a) and (c),
respectively. As the Au-NP size increased, a red-shift was
induced in the UV spectra.*"*'*'> In Figure S6(b), the EL
intensities of the examined devices were slightly enhanced at
approximately 570 nm as the Au-NP size increased. The EL
intensities at approximately 570 nm of the devices with small
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ITO Glass / PEDOT:PSS (30 nm) + Au-NPs
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Figure 8. Light intensity modeling of structures with different degrees of coverage of Au-NPs by PEDOT:PSS. (a) 10- and 20-nm Au-NPs fully
covered by PEDOT:PSS with enhanced horizontal electromagnetic field. (b) 50- and 90-nm Au-NPs partially covered by PEDOT:PSS with
enhanced electromagnetic vertical field. (c) Electric field intensity distribution, [EI, in horizontal and vertical directions around Au-NPs simulated
using the FDTD method. (I) S0-nm Au-NPs partially covered by PEDOT:PSS. (II) Clusters of 20-nm Au-NPs fully covered by PEDOT:PSS with a
center-to-center distance between adjacent Au-NPs of approximately 10 nm. (III) A number of 20-nm Au-NP clusters fully covered by PEDOT:PSS

with 30-nm center-to-center distance between the adjacent Au-NPs.

Au-NPs (10 and 20 nm) covered fully by the PEDOT:PSS
were higher than those of the devices with large Au-NPs (S0
and 90 nm), which were partially covered by the PEDOT:PSS.
This could be due to the optical enhancement of the aggregated
Au-NPs in the small number of stacked layers in the
PEDOT:PSS. As the current densities are dependent on the
Au-NP size, a perturbation in the recombination zone could
also have occurred as a result of the microcavity effect.'”~>

2.2. Finite-difference time-domain (FDTD) optical simu-
lation for light intensity modeling of structures with
different degrees of Au-NP coverage by PEDOT:PSS. To
understand the different current density and luminance
behaviors exhibited by the examined devices, extinction cross-
sectional spectral models were simulated using the finite-
difference time-domain (FDTD) method for each of the
different device structures.*~”'® The spherical shapes of the Au-
NPs can result in a high electric field and additional scattering
directly above the Au-NPs,*””'® which means that a higher
current and luminance can be obtained compared to those of
the control device without Au-NPs. Specifically, Au-NPs act like
a current flow path for carriers in the PEDOT:PSS. Large Au-
NPs (over 30 nm, which is the PEDOT:PSS thickness) that
were partially covered by the PEDOT:PSS capping layer and
that would come into direct contact with the NPB layer were
used in the FDTD simulation. The electric field intensity was
found to be enhanced in the vertical direction above the Au-
NPs, as shown in Figures 8(b) and (c)-(I). This increased the
current density and the number of excitons generated in the
EML by increasing the number of hole carriers. However, when
Au-NPs with sizes of less than 30 nm were considered, which
would be fully covered by the capping layer, the electric field
was found to be enhanced in the lateral direction of the Au-
NPs, as shown in Figures 8(a) and (c)-(II). In this case, the
electric fields might propagate along the lateral direction,
because the Au-NPs would be fully covered by the
PEDOT:PSS, which would cause additional carriers to be
captured at the Au-NP sites. A simulation of the aggregated Au-
NPs in the PEDOT:PSS was also conducted, as shown in
Figure 8(c)-(111).
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Electric field intensity distributions |EI* at plasmonic
resonances were calculated in the horizontal and vertical
directions around the Au-NPs, using the FDTD method.
Incident light was excited from the top and surface plasmons at
the Au-NPs in the 30-nm-thick PEDOT:PSS. In Figure 8(c)-
(1), it is apparent that the SO-nm Au-NPs are partially covered,
while, in Figure 8(c)-(II), the clusters of 20-nm Au-NPs are
fully covered by the PEDOT:PSS. The center-to-center
distance between adjacent Au-NPs is approximately 10 nm.
In the case shown in Figure 8(c)-(III), a number of 20-nm Au-
NP clusters are fully covered by PEDOT:PSS and the center-
to-center distance between the adjacent Au-NPs is 30 nm. In
addition, we performed additional FDTD simulations using 10-,
20-, 50-, and 90-nm Au-NPs, as shown in Figure S7. It was
found that the electric field intensity distribution is
strengthened when the diameter of the Au-NP is larger than
the PEDOT:PSS thickness. The results of this simulation
confirm the vertical coverage of the capping layer, which is in
good agreement with the experimental results. The |EI* values
of the 90-nm Au-NPs were significantly enhanced in the vertical
direction above the Au-NPs, while those of the 50-nm Au-NPs
were distributed in both the vertical and horizontal directions
around the Au-NPs. This means that the vertical coverage of
the Au-NPs by the PEDOT:PSS, which is dependent on the
Au-NP size, can critically affect the current injection mechanism
in fluorescent OLEDs.

The electric field was directed at random because the
electrostatic interaction between the Au-NPs was generated in
an aggregated cluster formation. According to the results of the
FDTD simulation, Au-NPs with sizes of less than 30 nm that
are not in direct contact with the NPB layer are very helpful in
controlling the charge balance, as they decrease the current
density and increase the number of excitons generated in the
EML slightly. Therefore, we can conclude that the degree of
vertical coverage of the Au-NPs, as determined by the particle
size, is critical to judging the current injection behavior and to
understanding the enhancement of the device performance
when differently sized Au-NPs are incorporated in the
PEDOT:PSS capping layer.
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B CONCLUSIONS

In summary, we systemically investigated the effects of surface
and vertical coverage of Au-NPs by PEDOT:PSS conducting
polymer on device performance. It was found that optimized
surface coverage of the Au-NPs enclosed within the
PEDOT:PSS layer is beneficial to controlling hole injection.
In particular, the device with an ITO/Au-NPs/Au-NPs
+PEDOT:PSS structure exhibited the optimum performance,
yielding improved charge balance and smaller interfacial
resistance without the incorporation of the SPR effect. It can
then be concluded that the addition of Au-NPs to PEDOT:PSS
is favorable to the carrier mobility of both holes and electrons
at higher voltage, as it induces small interfacial resistance. In
addition, the current density behavior of HODs at higher
voltage in the trap-free SCLC region is well-matched with that
of the interfacial resistance.

The vertical coverage was determined by the sizes of the Au-
NPs, with the Au-NPs being either partially covered or fully
covered by the PEDOT:PSS, depending on their size. From the
results of the FDTD simulation, full coverage of the Au-NPs by
the PEDOT:PSS allowed the charge balance to be controlled
more easily. This was due to a decrease in the current density
and a slight increase in the number of excitons generated in the
EML.

Therefore, the surface and vertical coverage of the Au-NPs in
the capping layer, which is determined by the Au-NP loading
amount and size, is critical to determining the current injection
behavior and to understanding the resultant device perform-
ance enhancement.
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The optical density (OD) was estimated based on the
absorption ratio for the capping layer with different Au-NP
concentrations, and it was compared with that of the
PEDOT:PSS layer without Au-NPs, as shown in Figure SI.
Device structures I, II, IV, and V with different 10-nm Au-NP
locations and degrees of surface coverage within PEDOT:PSS
and between ITO and NPB are shown in Figure S2 (Insets:
UHR FE-SEM images for devices I, IV, and V). The surface
coverage calculation of the spin-coated Au-NPs (~10 nm in
size) on the ITO glass was conducted using detailed UHR FE-
SEM images, as shown in Figure S2. OLED characterization for
different Au-NP positions and degrees of surface coverage for
devices I and V [(a) current density vs voltage, (b) luminance
vs voltage] are shown in Figure S3. The surface coverage
calculation for 10-nm spin-coated Au-NPs on ITO glass (device
I), based on a UHR FE-SEM image, is shown in Figure S4. The
normalized EL intensities from 540—560 nm, with the
magnified EL peaks depending on the different Au NP
positions and degrees of surface coverage, are presented in
Figure SS. The EL intensity data considering the vertical
coverage and absorption peaks of the pristine Au-NPs (10, 20,
50, 90 nm) in solution are shown in Figures S6(a) and (c),
respectively. The EL spectra of the devices with Au-NPs have a
slightly enhanced shoulder peak at approximately 570 nm,
which is caused by the presence of the Au-NPs, as shown in
Figure S6(b). FDTD simulations for differently sized single Au-
NPs in 30-nm-thick PEDOT:PSS are shown in Figure S7. The
Au-NP diameters are (a) 10, (b) 20, (c) 50, and (d) 90 nm.
The calculated electric field intensity distributions confirm the
vertical coverage, as the diameters of the Au-NPs are larger than

the PEDOT:PSS thickness. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.Sb04248.
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