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S
ince the discovery of conducting poly-
mers, organic electronics have gained
popularity because of their simple

fabrication process and relatively low cost,

as compared with silicon-based opto-

electronic devices. In addition, the proper-

ties of organic materials can be easily tai-

lored through the design of the molecular

structure. As a result, organic electronics

have evolved as a promising candidate for

next-generation electronics. Currently, the

most mature organic photonic devices are

organic electroluminescent (OEL) and or-

ganic photovoltaic (OPV) devices.

It is known that the nanostructure of a

material significantly affects the device

properties. However, unlike inorganic semi-

conductors, which are usually crystalline, or-

ganic materials are mostly amorphous. As

a result, it has been difficult to analyze the

nanostructure inside organic electronics. In

recent studies on the nanostructure of

OPVs, such as the active layer of the P3HT:

PCBM bulk heterojunction in polymer solar

cells, the relationship between polymer

morphology and device efficiency is

reported.1�3 To analyze polymer bulk het-

erojunctions, the surface morphology and

vertical distribution of molecules in the

polymer film are investigated by a variety

of techniques, such as scanning probe mi-

croscopy (SPM)4�8 and variable-angle spec-

troscopic ellipsometry (VASE),9 respectively.

However, these well-established techniques

do not possess high resolution in three di-

mensions, so they cannot provide three-

dimensional (3D) volume structures.

Recently, on the basis of transmission
electron microscopy (TEM), electron tomog-
raphy (ET) has been used to directly exam-
ine the 3D structure inside bulk
heterojunctions.2,10,11 However, because of
the limitation in tilt angle, it is impossible to
acquire complete information for 3D recon-
struction. Therefore, the missing wedge in
Fourier space causes artifacts in the result-
ing reconstructed structure.12 Moreover,
TEM-based techniques yield weak contrast
in amorphous materials, making it difficult
to obtain the 3D structure of amorphous or-
ganic electronics. In particular, OELs that
have a high glass transition temperature are
advantageous for highly efficient
devices.13,14 It is difficult to generate con-
trast of OELs using TEM because of their
amorphous nature. As a result, while signifi-
cant efforts are being directed at analyzing
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ABSTRACT By using 10 kV C60
� and 200 V Ar� ion co-sputtering, a crater was created on the light-emitting

layer of phosphorescent polymer light-emitting diodes, which consisted of a poly(9-vinyl carbazole) (PVK) host

doped with a 24 wt % iridium(III)bis[(4,6-difluorophenyl)pyridinato-N,C2] (FIrpic) guest. A force modulation

microscope (FMM) was used to analyze the nanostructure at the flat slope near the edge of the crater. The three-

dimensional distribution of PVK and FIrpic was determined based on the difference in their mechanical properties

from FMM. It was found that significant phase separation occurred when the luminance layer was spin coated at

30 °C, and the phase-separated nanostructure provides a route for electron transportation using the guest-

enriched phase. This does not generate excitons on the host, which would produce photons less effectively. On

the other hand, a more homogeneous distribution of molecules was observed when the layer was spin coated at

60 °C. As a result, a 30% enhancement in device performance was observed.

KEYWORDS: cluster ion sputtering · force modulation
microscopy · nanostructure · light-emitting diode · organic electronics
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the 3D nanostructure of OPVs, the structure inside OELs
is currently understudied.

OELs have evolved as promising candidates for flat
panel displays and solid-state lighting applications.15�19

The Research Institute for Organic Electronics has pre-
dicted that OELs could occupy 25% of the lighting mar-
ket and reduce 2.3% of CO2 emissions by 2020. Over
the past 10 years, phosphorescent materials have been
especially apparent in OELs because of their ability to
yield both singlet and triplet excitons, enabling nearly
100% internal quantum efficiency.17,20�23 Therefore, to
achieve high efficiency, OEL devices containing phos-
phorescent dopants are a more favorable choice. In a
recent survey on the use of Ir-based dopants, such as
iridium(III)bis[(4,6-difluorophenyl)pyridinato-N,C2] pi-
colinate (FIrpic), or ionic iridium complexes doped in a
nonconjugated polymer host, like poly(9-vinyl carba-
zole) (PVK), high efficiency polymer light-emitting di-
odes (PLEDs) were reported as one type of phosphores-
cent OEL.24,25

In PLEDs, the amorphous and oriented phase segre-
gation of the polymer is highly sensitive to the fabrica-
tion process.26,27 Additional phase separation in poly-
mer films is often found upon mixing with small
molecules that have significantly different chemical
structures. This phase separation is crucial to device ef-
ficiency.28 Therefore, investigating and understanding
the relationship between fabrication parameters, nano-
structures in the polymer film, and device performance
is valuable to polymeric organic electronics.

On the basis of ion-beam depth profiling, the verti-
cal nanostructure of organic opto-electronic devices
has been studied with X-ray photoelectron spectrom-
etry (XPS)29�32 and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).31 It was found that, although
cluster ion sputtering significantly altered the outer-
most surface of inorganic materials,33 it caused insignifi-
cant damage to the organic surface. This is because of
the shallower damage range34 and enhanced sputter-
ing rate.35 XPS and ToF-SIMS possess limited lateral
resolution, allowing only the vertical structure to be
probed. Thus, ion-beam depth profiling has been com-
bined with scanning techniques, such as scanning elec-
trical potential microscopy (SEPM)36 and scanning ToF-
SIMS,37 to produce 3D volumetric images inside organic
materials. Compared with ET, which yields similar 3D
images, these techniques are independent of the crys-
tallinity but only detect the nature of the chemical spe-
cies. Thus, they are more general for analyzing organic
materials.

While noteworthy efforts are made on studying
bulk heterojunctions, investigations into the nano-
structure inside PLEDs have been superficial. Further-
more, the relationship between fabrication process pa-
rameters, nanostructure, and device performance is
unclear.28,38 In this work, a C60

� cluster ion beam was
used to sputter surface materials away, generating a

crater in the specimen. Force modulation microscopy
(FMM)39 was then used to examine the edge of the cra-
ter. Because the slope at the edge was flat, the result-
ing image yielded the 3D nanostructure of PLEDs that
were fabricated with different parameters. FMM data
obtained in this work provide a contrast that arises from
the difference in elastic properties of polymers and
small molecules that have significantly different chemi-
cal structures. This contrast is an additional physical di-
mension and can be related to the degree of phase
separation. Using this imaging technique to study the
nanostructure of light-emitting layers fabricated at dif-
ferent temperature, it was found that, by suppressing
the nanoscale phase separation, the efficiency of the
device was enhanced. This difference in efficiency was
attributed to better carrier trapping inside the emissive
layer of the device.

RESULTS AND DISCUSSION
It has been reported that C60

� ion sputtering could
alter the mechanical properties of a remaining surface,
especially with a high energy beam.40 Although it has
been shown that a 10 kV beam does not alter the elas-
tic modulus of PMMA significantly,40 the possibility of
ion-beam-induced FMM contrast needs to be ruled out.
Figure 1 shows the FMM image of a reference PVK film
before and after ion-beam sputtering. The FMM ampli-
tude line profile of pristine PVK (overlay on Figure 1a)
shows an amplitude range of about 60 mV. This could
be attributed to the natural folding of the PVK polymer.
The topographical image (Figure 1b) shows the aggre-
gation of the polymer. Intensity correlation analysis
(Figure 1c) was carried out on the FMM and topographi-
cal image. The intensity correlation quotient (ICQ) of
0.033 indicated weak or no correlation between these
two images. In other words, the different features re-
vealed in the FMM amplitude and morphology clearly
indicate that the topographic information is decoupled
from the mechanical properties.

After ion-beam sputtering, granular features were
observed on the surface (Figure 1e) and were consis-
tent with the usually observed sputtering-induced mor-
phology.34 As a result, the FMM contrast (Figure 1d) be-
came less continuous, indicating that the sputtering
procedure slightly altered the mechanical properties of
the sample. This shows up as approximately 20 mV of
contrast in the image. Nevertheless, an amplitude range
of about 50 mV in FMM was still clearly observed. Such
a difference in contrast can be analyzed with the histo-
gram of FMM images (Figure 2). It is clear that, after
sputtering, the contrast range decreased and the con-
trast arose from the difference in mechanical properties
weakened. This result indicates that the FMM image ac-
quired after sputtering might underestimate the phase
separation by around 10 mV. As a result, if the original
difference in mechanical properties is too small, fea-
tures could be smeared and would not be observable.
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Although the surface morphology does not contain
real information about the specimen, it is clear that, by
comparing the images acquired before and after sput-
tering, the FMM contrast observed after sputtering can
still reveal the nanostructure inside the specimen.

By using cluster ion sputtering, a crater is created on
the specimen (Scheme 1). During sputtering, XPS was
used to monitor the progress. The appearance of a S
2p signal indicated that the light-emitting layer was
through and the bottom PEDOT:PSS exposed. Such cra-
ters are known to have a rather flat slope near the edge.
In other words, for the FMM image obtained along the

edge of the crater (ROI in Scheme 1), the x-axis of the
image contains information from both x- and z-axes of
the specimen.36 Figures 3 and 4 show the FMM image
obtained on the slope of PVK:FIrpic blends that were
spin coated at 30 and 60 °C, respectively. The contrast
range (Figure 2) of 260 and 186 mV for Figures 3 and 4,
respectively, was well above the contrast level ob-
tained on the referencing PVK film (60 mV). Thus, the
observed feature could not be simply attributed to PVK
folding. The different features inside films coated at dif-
ferent temperatures also suggest that the observed
structure was not simply induced by sputtering. Fur-

thermore, the similarity of the
structures observed at different
depths, upon being exposed to
different ion-beam fluences, indi-
cates that sputtering did not sig-
nificantly alter the nanostructure.
It is noted that the image was
stitched from multiple 5 �m � 5
�m images, and vertical dark
contrast is obvious near the
stitching region in Figure 4. This
artifact arose from the fact that
the image was overscanned to
aid in stitching. As a result, near
the stitched area, the specimen

was scanned twice with FMM,

and the mechanical properties

were slightly altered by the first

Figure 1. (a,d) FMM amplitude image of a reference PVK film before and after ion-beam sputtering, respectively. A brightness (FMM
amplitude) line profile obtained at the image center (solid line) is overlaid on the image. (b,e) Associated surface topography. The
field of view is 5 �m � 5 �m. (c,f) Frequency scattered plot between FMM amplitude and topography.

Figure 2. Histograms of FMM images acquired in this work.
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scan. Thus, different contrast levels were observed

near the stitch. This stitch is not clearly observable in

Figure 3 because the contrast range was much larger

than the artifact.

Using the force curve obtained with an atomic force

microscope, the spring constants of polymeric PVK and

molecular FIrpic were determined to be 28.8 and 255

nN/�m, respectively. Because FIrpic is stiffer than PVK

and transmits the oscillation directly to the cantilever,

while compliant PVK absorbs the oscillation, the oscilla-

tion amplitude of the tip was larger at the FIrpic-

enriched region. In other words, the features shown in

the resulting FMM images indicate the distribution of

PVK (dark) and FIrpic (bright). In addition, the magni-

tude of the contrast indicates the degree of phase

separation.

For PVK:FIrpic blends that were spin coated at 30 °C,

the FMM image (Figure 3) clearly shows features that con-

sist of an approximately 200 nm wide PVK-enriched re-

gion (dark contrast) and an approximately 100 nm wide

FIrpic-enriched region (bright contrast). The histogram

(Figure 2) revealed a narrow and broad distribution of the

FMM intensity at dark and bright contrast area, respec-

tively. This observation revealed uniform mechanical

properties in the PVK-enriched region that in turn sug-

gest a uniform molecular distribution in this region. On

the other hand, the phase-segregated FIrpic-enriched re-

gion has a non-uniform chemical composition that could

be attributed to the diffusion of the FIrpic molecule to-

ward this region. The FIrpic-enriched region formed a

continuous network through the thickness. In addition,

the contrast range of 260 mV indicates that significant

phase separation occurred in the blend. On the other

hand, the PVK:FIrpic blend that was spin coated at 60 °C

showed a weak contrast in the FMM image (Figure 4). The

contrast range of the image was 186 mV, which is smaller

than that coated at 30 °C. Furthermore, through the

analysis of the histogram (Figure 2), it is clear that the ar-

eal fraction of brighter contrast is lower than that coated

at 30 °C. This smaller contrast range and contrast differ-

ence indicates that the mechanical properties of this

sample were more uniform; hence, the distribution of

molecules was more uniform. In addition, the scattered

Scheme 1. Schematic drawing of the creation of a crater with an
ion beam (not drawn to scale). (a) Side view and (b) top view of the
crater. The ROI (region of interest) indicates the FMM imaging loca-
tion.

Figure 3. FMM amplitude image at the edge of a crater that was created by sputtering on a PVK:FIrpic blend spin that was coated
at 30 °C. The contrast range was 260 mV, and the overall image size, after stitching images in each row, was 5 �m � 68 �m. This
range reflects the structure at different depths of the film.
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bright spots of around 60 nm in diameter indicate a small

aggregation of FIrpic. These aggregates did not form a

continuous phase, compared with samples that were spin

coated at 30 °C. Furthermore, the FIrpic-deficient phase

(dark contrast) was continuous.

In the extensive research that has been performed on

polymer bulk heterojunctions, it is known that post-

annealing,9 solvent-assisted annealing,3 and slow drying5

induce the phase separation. In this work, when coated at

60 °C, the solvent dried faster than when coated at 30 °C.

In addition, the temperature was significantly lower than

for post-annealing, and molecules did not have enough

energy to diffuse. As a result, the PVK:FIrpic blend that was

spin coated at 60 °C possessed a more uniform molecu-

lar distribution, while that coated at 30 °C yielded signifi-

cant phase separation.

Nanostructural differences affect the device proper-

ties significantly. Using a device structure of ITO/PEDOT:

PSS/PVK:FIrpic/TPBi/LiF/Al, the properties of devices

fabricated with different processing temperatures of

Figure 4. FMM amplitude image at the edge of a crater, which was created by sputtering on a PVK:FIrpic blend that was spin coated
at 60 °C. The contrast range was 186 mV, and the overall image size after stitching images in each row was 5 �m � 68 �m. This
range reflects the structure at different depths of the film.

Figure 5. (a) Power efficiency and (b) electrical properties of devices containing luminance layers that were spin coated at 30 °C
(broken lines) and 60 °C (solid lines).
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light-emitting layers were assessed, as shown in Figure
5. It is evident that the power efficiency was enhanced
dramatically upon an increase in processing tempera-
ture of the PVK:FIrpic blend. These devices were identi-
cal in terms of the device architecture and thickness of
each layer. Furthermore, the identical electroluminance
properties and CIE coordinates (0.18, 0.33) indicated
that the fabrication parameter did not affect the molec-
ular energetics. Therefore, the difference in efficiency
must have been due to differences in the nano-
structure of PVK:FIrpic.

Considering the theoretical energy diagram of the de-
vice (Figure 6), it is known that charge carriers must be
trapped on a PVK host and that they generate excitons
on PVK upon recombination. After an energy transfer
from PVK to FIrpic, photons are generated. For devices
fabricated at a lower temperature (30 °C), significant
phase separations were observed. These devices can be
described as FIrpic-enriched networks in PVK-enriched
matrices (Figure 3). In the PVK-enriched phase, the charge
carriers could be trapped on PVK (Figure 6a), generating
photons effectively. On the other hand, in the FIrpic-
enriched phase, it was easier for an electron to enter the
FIrpic that had a higher concentration and no energy bar-
rier. In addition, because the FIrpic-enriched phase
formed a continuous network between electron-
transporting (TPBi) and hole-transporting (PEDOT:PSS)
layers, electrons could easily move through the lumi-
nance layer via this phase (Figure 6b). Although excitons
also formed on the FIrpic guest, these excitons tended to
quench with each other, causing a color shift41 and lower-
ing its efficiency.42 In other words, because these elec-
trons were not trapped on PVK, it could not generate ex-
citons in the host and hence could not transfer energy
from host to guest. As a result, the photon generation was
less efficient. On the other hand, for a more homoge-
neously mixed PVK:FIrpic blend that was spin coated at
60 °C, the continuous PVK-enriched phase forced the car-
rier to be trapped on the host. Thus, excitons generated
in the PVK host could easily diffuse to the FIrpic-enriched

phase that was scattered on the nanometer scale (Figure

4) and generate photons efficiently. As a result, the lumi-

nance layer that was spin coated at 60 °C produced 30%

better efficiency.

The electrical properties (Figure 5b) also reflect the ef-

fect of nanoscale phase separation. For the luminance

layer coated at 30 °C, the current density was higher than

that coated at 60 °C. This is because the FIrpic-enriched

continuous phase provided a route for electron transpor-

tation and trapped electrons less effectively. In terms of

driving voltage (the voltage required to reach 10 cd/m2),

the device prepared at 30 °C was lower (4.1 V) than that at

60 °C (4.2 V). This is because it was easier for electrons to

move into the phase-separated luminance layer through

the FIrpic-enriched phase.

CONCLUSION
On the basis of cluster ion sputtering, a crater was cre-

ated on the emissive layer of a polymeric light-emitting

diode, which consisted of a FIrpic guest that was doped

in a PVK host. By analyzing the mechanical properties, us-

ing force modulation microscopy at the edge of the cra-

ter, 3D molecular distributions of FIrpic and PVK were ob-

tained. It was found that significant phase separation

occurred when the PVK:FIrpic blend was coated at 30 °C.

In addition, the FIrpic-enriched phase formed a continu-

ous 3D network inside the luminance layer. On the other

hand, a PVK:FIrpic blend that was coated at 60 °C was

more homogeneous, due to fast drying. The approxi-

mately 60 nm FIrpic-enriched phase was scattered in the

continuous PVK-enriched phase. The continuous FIrpic-

enriched nanostructures formed at 30 °C provided a route

for electrons to pass through the luminance layer with-

out efficient energy transfer. In contrast, the nanostruc-

tures formed from the 60 °C process could trap charge

carriers on PVK, allowing excitons to diffuse to the scat-

tered FIrpic guest. As a result, a 30% enhancement in de-

vice efficiency was observed.

Figure 6. Theoretical energy diagram and path of charge carrier in (a) PVK-enriched and (b) FIrpic-enriched phases.
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METHODS
Fabrication of Light-Emitting Films: Polymeric blue emissive lay-

ers (ELs), containing 24 wt % FIrpic guest doped in PVK host,
were prepared by spin coating the corresponding solution on a
poly(ethylene dioxythiophene):polystyrenesulfonate (PEDOT:
PSS, 46 nm) modified ITO (150 nm) substrate under nitrogen at-
mosphere. The host and guest materials were dissolved in tolu-
ene at 75 °C with stirring. The well-mixed solutions were cooled
to room temperature (30 °C) or heated again to 60 °C before spin
coating at 5000 rpm. The PVK:Firpic layer was 23 nm thick. The
pure PVK film, which served as a reference, was spin coated on
a PEDOT:PSS layer at room temperature.

Device Fabrication and Characterization: On the light-emitting films,
a 2,2=,2==-(1,3,5-benzinetriyl)tris(1-phenyl-1H-benzimidazole)
(TPBi) electron-transporting layer (32 nm) was thermo-
evaporated. An additional electron injection layer (0.7 nm) of
LiF and Al cathode (150 nm) was evaporated onto the TPBi. The
luminescence area was 5 mm � 5 mm. The electrical properties
of the prepared device were measured with a 2400 Sourcemeter
(Keithley, Cleveland, OH), and the luminance was measured
with a CS-100A colorimeter (Konica Minolta Sensing Inc., Osaka,
Japan). Measurements on these face-emitting devices were
taken in the ambient environment, without encapsulation.

Ion Sputtering: Cluster ion sputtering was carried out with a PHI
5000 VersaProbe Scanning ESCA Microprobe (ULVAC-PHI, Chi-
gasaki, Japan) system. A charge neutralizer (30 V flooding elec-
tron beam) was used to compensate for the charge buildup ef-
fect during sputtering. The Ar� ion source (FIG-5CE), which was
set at a fixed incident angle of 45°, was operated at 0.2 kV and
300 nA using a floating voltage of 500 V and a spot size of ap-
proximately 200 �m. A Wien-filtered C60

� ion source (IOG C60-
10, Ionoptika, Chandler’s Ford, UK) was operated at 10 nA and 10
kV (spot size of about 600 �m) at a fixed incident angle of 70°
(from the normal to the surface of analysis). The beam current
was measured by the sample current on a Au foil and was con-
trolled by the strength of the condenser lens. The ion beams
were rastered over an area of 2 mm � 2 mm. The low-energy
Ar� ion beam and high-energy C60

� ion beam were used concur-
rently to effectively remove the surface with minimal damage.30

FMM Measurements: Experiments were performed with a Veeco
Innova (Woodbury, NY) atomic force microscope, using a 75 kHz
cantilever in the contact mode. The probe cartridge was oscil-
lated at the resonance frequency of the probe, which was about
13 kHz. Because the oscillation frequency was much higher than
the height feedback loop, the DC component of the deflection
signal was used to maintain constant tip-to-sample spacing for
determining and decoupling sample topography. The AC com-
ponent of the deflection, in terms of the amplitude and phase,
was measured by a dedicated lock-in circuit, yielding the FMM
amplitude and FMM phase image, respectively.
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