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a b s t r a c t

Introduction of microstructures into an organic light-emitting device (OLED) is being con-
sidered as an effective approach to outcouple photons trapped in waveguide (WG) and sur-
face plasmon-polariton (SPP) modes within the devices. However, the attempt has been
hampered by the difficulty in applying lithographic patterning technologies on organic
materials. Here, we show the end has been simply reached by one-step directly laser ablat-
ing the hole-transporting layer of the OLEDs without inducing any optical or electrical
deterioration. Three times efficiency enhancement has been experimentally attained from
the corrugated OLEDs, which has then been ascribed by numerical simulation to the effi-
cient outcoupling of the SPP and WG modes to radiation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

High efficiency is one of key issues for applications of
organic light-emitting devices (OLEDs) in display and light-
ing, for which much effort has been devoted to developing
novel materials and device structures [1,2]. It is well
known that the majority of the generated light is trapped
in OLEDs, and it is the area in which there is still the great-
est scope for significant improvements in efficiency [3].
Around 80% of internally generated light is trapped in form
of waveguide (WG) modes in organic and indium-tin-oxide
(ITO) anode layers, and in surface plasmon-polariton (SPP)
. All rights reserved.
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modes associated with the metallic cathode/organic inter-
face [4,5]. The overall power lost even reaches to �95% for
the inorganic LEDs due to higher refractive index of inor-
ganic semiconductors [6,7]. Among various techniques to
improve the light extraction [8–14], employing micro-
structure in the devices has exhibited its remarkable effect
through controlling light output by Bragg scattering [4,12–
14]. Microstructures with wavelength to subwavelength-
scale periodicity has played an important role in optical
and optoelectronic devices, particularly in optical fibers,
distributed feedback lasers, LEDs and solar cells through
manipulating the generation and propagation of photons
in materials [15–17]. Introducing a microstructure onto
the metallic electrode is especially crucial for recovering
the power lost to the associated SPP modes by providing
an additional momentum to couple the SPP modes into
light [18–21]. Various lithography-based technologies are
effective in introducing microstructure into LEDs due to
the high physical and chemical stability of the inorganic
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semiconductors. However, these approaches are difficult to
apply to OLEDs because organic materials are generally
soluble in the solvents used in lithography, and they expe-
rience optical and/or electrical deterioration when exposed
to water, oxygen or high-energy electrons.

In order to avoid the degradation of the OLEDs, micro-
structuring has to start from the substrate, so that corruga-
tion transmits through the organic layer to the opposite
electrode. Periodic corrugation [22] on silica substrates
by holographic lithography followed with RIE (reactive-
ion etching) dry etching, and spontaneously formed qua-
si-periodic structure on glass substrate [23,24] have been
reported. Although trapped optical modes were found cou-
pled out, the substrate pattern transmission approach is
encountered with problems such as electronic degradation
since the ITO anode has to be sputtered on the corrugated
substrates, which increase its surface roughness. It is obvi-
ous that the problem may be solved if microstructures are
Fig. 1. Scheme of introducing periodic corrugation into OLED by laser ablation (
350 nm on the HTL (b) and the cathode surface of the OLED (c), the 1-D grating w
surface (e).
induced into a certain organic functional layer without
affecting the flatness of the ITO film. Efforts have been paid
along this line, for example, micromoulding [25,26] den-
drimers above the ITO anode [27,28]. However, the com-
plexity of the fabrication process and the high fluidity
requirement to the polymer limits the practical application
of the technology. Periodic change of the refractive index
has been inscribed in the active materials without sur-
face-relief structure in the OLEDs by holographic setup,
and output characteristics of the OLEDs have been modi-
fied [29]. However, this method is restricted by realizing
a polymer with both photosensitive and charge-transport-
ing qualities to undergo a photoisomerization and act as
functional layer in OLEDs. In addition, a necessity of large
difference in the periodic changed refractive index for the
highly efficient Bragg scattering is another limitation.

In this communication, we solve this problem by
employing a one-step fabrication approach to introduce a
a), and AFM images of the ablated corrugation. 1-D grating with period of
ith period of 250 nm (d) and 2-D grating with 350-nm period on the HTL
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grating onto the functional layers of the OLEDs. Most poly-
mers show a strong sensitivity to UV laser ablation condi-
tion and possess low ablation thresholds, so that a periodic
grating can be directly recorded on the hole-transport
layer (HTL) of OLEDs via laser ablation by two interference
beams. Gratings with appropriate period and depth for
Bragg scattering in OLEDs are easily obtained by adjusting
the angle of the two beams and the laser fluence. Experi-
mentally, three times enhancement in the current effi-
ciency has been observed from the corrugated OLEDs
with appropriate grating period. Theoretical simulations
demonstrate that the power lost to both WG and SPP
modes have been recovered. This one-step laser ablation
on HTL provides a simple and facile approach with high
resolution, high controllability and reproducibility to ob-
tain periodically corrugated OLEDs.
2. Experimental details

2.1. Preparation of periodic microstructure by laser ablation

A conducting polymer widely used in polymer LEDs as a
hole-transport material, poly(N-vinyl carbazole) (PVK) is
chosen and it is spin-coated on the ITO glass for the fabri-
cation of the corrugated HTL in OLEDs. 4,40,400-Tris(3-meth-
ylphenylphe-nylamino)triphenylamine (m-MTDATA) [30]
was doped into the PVK with a concentration of 10% by
weight to enhance the hole injection and transport of the
HTL. The experimental scheme for laser ablation on
PVK:m-MTDATA film and fabrication sequence of the cor-
rugated OLED is illustrated in Fig. 1(a). The ablation exper-
iments used a frequency-tripled Nd:YAG laser (Spectra-
physics Company) with 3 nm pulse width, 10 ns pulse
length, 10 Hz repetition rate and 355 nm wavelength. An
ITO coated glass substrate was cleaned with acetone and
ethanol. The HTL was spin-coated at 4000 rpm/s speed
for 70 nm thicknesses. The sample was prebaked in vac-
uum for 30 min at 60 �C to evaporate the organic solvent.
Then, the sample was exposed by two beams which were
split from the UV laser with beam size of �6 mm in diam-
eter. The microstructure recorded on the polymer film with
different period and depth was obtained by adjusting the
writing angle and the laser power. The microstructure fab-
rication was conducted in air at room temperature using
single laser pulse. The morphologies of the microstructure
were characterized by an atomic force microscopy (AFM,
Digital Instruments Nanoscope IIIA) in the contact mode
and field emission scanning electron microscope (SEM,
JSM-7500F, JEOL).
2.2. OLED fabrication and evaluation

Prepared ITO substrates coated with corrugated HTL
were immediately brought into a thermal evaporation
chamber. The 20 nm thick hole transporting layer of
N,N0-diphenyl-N,N0-bis(1,10-biphenyl)-4,40-diamine (NPB),
50 nm thick emitting layer of tris-(8-hydroxyquinoline)
aluminum (Alq3) and cathode of LiF (1 nm)/Al (100 nm)
were evaporated sequentially. Here, all layers were pre-
pared by thermal evaporation in a high vacuum system
with the pressure of less than 5 � 10�4 Pa. The active area
of the devices was 2 � 2 mm2. Their current density–volt-
age–luminance (J–V–L) characteristics were measured by
Keithley 2400 programmable voltage–current source and
Photo Research PR-655 spectrophotometer. The emission
spectra at different observation angle were collected with
a lens and then collimated and focused into the entrance
slit of a 300-mm monochromator/spectrograph (SR-3031-
A, Andor) to limit the angular acceptance to �1�. The spec-
trogram of the emission was recorded using a charge cou-
pled device (iDus, Andor). The OLEDs were placed on a
rotation stage with the grooves parallel to the rotation axis.
All of the measurements were conducted in air at room
temperature.
3. Results and discussion

3.1. Investigation of periodically corrugated HTL by laser
ablation

Laser ablation has been extensively studied, both theo-
retically and experimentally [31–33]. Several models have
been proposed for ablation of polymers, involving photo-
chemical effects (direct bond breaking) [34], photothermal
effects (thermally broken bonds) [35], photophysical
(mechanical stress) [36] or a combination of them.
Although the chemical nature of the reaction that are in-
volved is still not clearly verified, it does offer an alterna-
tive, simple and fast technique of direct generation of the
microstructure on organic functional materials. Through
combining with a multi-beam interference, the one-step
fabrication of the microstructure can be faster and highly
reproducible with the period from microns to sub
100 nm [37–39]. Shown in Fig. 1(b)–(e) is the atom force
microscopy (AFM) images of a laser ablated grating on
the PVK:m-MTDATA film and the cathode surfaces after
deposition of organic and metallic cathode layers by ther-
mal evaporation. As can be seen, the profile of the top sur-
face was essentially a replication of the underlying
nanostructure, therefore, forming a periodic corrugation
throughout all the layers on the ITO substrate.

Due to the scattering and diffraction of the grating, the
structured surface shows varied colors from structures of
different periods, which are clearly observed by the naked
human eyes as shown in Fig. 2(a). The microstructure on
the PVK:m-MTDATA film in a large scale is investigated
by scanning electron microscope (SEM) and shows homo-
geneous profile (the inset of Fig. 2(b). A 6-mm diameter
area of uniform corrugation was produced with single-shot
laser exposure, in another word, the exposure duration is
only 10 ns. Provided that the laser pulse energy is sufficient
after laser beam expansion, and assumed the laser repeti-
tion rate of 10 Hz, and the wafer transferring time of
0.1 s in a production line, the introduction of the micro-
structures in an entire wafer by single-pulse exposure
takes only 0.1 s and as a result, the cost would be very low.

The controllability of the microstructure parameters is
quite high. Experimentally, we found the groove depth is
fully determined by the laser fluence at low laser energy



Fig. 2. (a) Photograph of the periodic corrugation on the PVK:m-MTDATA
film with various period of a1 2000 nm, a2 1500 nm, a3 1000 nm, a4
800 nm, a5 600 nm, a6 400 nm, and a7 350 nm. (b) Etch depth by one-
pulse laser ablation as a function of the laser fluence for 70 nm PVK:m-
MTDATA film. The inset in (b) shows the large-scale SEM image of the
grating on the PVK:m-MTDATA film with period of 800 nm and the scale
bar represents 10 lm.

Fig. 3. EL performance of the corrugated and planar OLEDs. Current
density–voltage (a), current density–luminance (b), current density–
efficiency (c) characteristics. Inset in (b) shows the photograph of the
operating corrugated and planar OLEDs at the same substrate and under
same driving voltage.
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density (<270 mJ/cm2), and it follows Beer’s law [31],
which sums up the light energy absorbed by the layer:

xf ¼ ð1=aÞ lnðF=F0Þ ð1Þ

where, xf is the ablation depth per pulse. Other symbols
denote: a, the linear absorption coefficient; F, the laser
fluence, and F0, the fluence threshold. The linear depen-
dence of the ablation depth on the logarithm of the fluence
is shown in Fig. 2(b), which is deviated, and is gradually
saturated to �55 nm after F > 270 mJ/cm2. This derivation
at high fluence is due to limitation of the ablation depth
by the film thickness. The threshold fluence for the abla-
tion of the two-beam interference on a 70-nm thick
PVK:m-MTDATA film is F0 = �180 mJ/cm2 (1.8 � 1011 W/
m2). This level of the laser irradiation, almost four-order
lower than the laser-induced damage threshold of typical
transparent solids, for example, 1015 W/m2 for most fused
silica [40], induce no any damage to the ITO substrate.

3.2. EL performance of the corrugated OLEDs

The tris-(8-hydroxyquinoline) aluminum (Alq3)-based
OLEDs with one-dimensional (1-D) periodic corrugation
were fabricated according to the design in Fig. 1(a). Vari-
ous grating period from 200 to 400 nm have been tested,
and the grating depth is fixed at 40 nm. The devices struc-
ture is ITO/PVK:m-MTDATA (70 nm)/NPB (20 nm)/Alq3

(50 nm)/LiF (1 nm)/Al (100 nm). To investigate the effect
of the grating, flat OLEDs were fabricated on the planar
region of the ITO glass substrate. Considering that the
average thickness of the corrugated HTL is decreased from
70 to 50 nm after laser ablation, the thickness of the HTL
for the planar devices is designed to 50 nm to be equal to
that of the corrugated HTL, so that the effect of the HTL
thickness on the hole transport could be excluded. Actu-
ally, a 20-nm average difference between the HTL thick-
ness before and after ablation has no much effect on the
planar OLED performance through the comparison with
experiment. The corrugated OLEDs show increased cur-
rent density as shown in Fig. 3(a). The introduction of
the corrugation has the effect on increasing the effective
area of the operating devices, which would result in the
increased current density. On the other hand, the ablation
on the HTL has probably influenced the hole-transport
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ability of the material, for which further study is needed.
It can be clearly seen in Fig. 3(b) and (c) that the corru-
gated OLEDs exhibit much higher luminance and current
efficiency than that of the planar devices and shows grat-
ing-period dependence. Both luminance and efficiency in-
crease with the increasing grating period, and reach the
maximum at 350 nm, and then decrease with further
increment to 400 nm. In case of 350 nm, the luminance
at the current density of 100 mA/cm2 is 5100 cd/m2 and
the maximum current efficiency is 7.2 cd/A, respectively,
while it is 910 cd/m2, and 1.8 cd/A, respectively, for the
planar devices. This corresponds to three times enhance-
ment in the maximum current efficiency. The photograph
of the operating OLEDs at the same substrate and under
same driving voltage of 12 V (inset in Fig. 3(b)) indicates
that much brighter emission can be obtained from the
corrugated OLED.
Fig. 4. The EL spectra at different observation angle from the corrugated OLEDs
250 nm, and (e) 200 nm. Their EL spectra at normal direction are summarized i
3.3. EL spectra from the corrugated OLEDs

Understanding of the enhancement mechanism starts
from analyzing the scattering of guided modes from a de-
vice by measuring its emission spectra as a function of
observation angle. The scattered modes appear as addi-
tional emission peaks in intensity which shifts in wave-
length as the angle varies. Fig. 4 shows the
electroluminescent (EL) spectra measured from the exper-
imental devices employing different grating period at sev-
eral observation angles off to the surface normal. The EL
spectra from the corrugated devices are more complex
than that from the flat devices. Additional peaks with dif-
ferent wavelength are observed from the devices with var-
ied grating period. The EL spectra at normal direction from
the devices with different grating periods are summarized
in Fig. 4(f) together with an EL spectrum from a planar
with various grating period (K). (a) 400 nm, (b) 350 nm, (c) 300 nm, (d)
n (f).



Fig. 5. Measured EL spectra with TM (a) and TE (b) polarization at different observation angle from the corrugated OLEDs with 350-nm grating. And the
wavelength versus incident angle for the calculated dispersion relation of the corrugated OLEDs for TM (c) and TE (d) polarization. The measured dispersion
relation extracted from the EL spectra (circles) is also shown in (c) and (d).
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device at normal direction. All the additional peaks exhibit
obvious blueshift with the decreasing grating period, and
some of them then move out of the EL spectra for the grat-
ing period less than 250 nm. For the devices with 350 nm
grating period, peaks at around 520, 547 and 595 nm are
observed at normal direction, and the bandwidth of the
peak at 595 nm is broader than that of the others. Each
of them splits into two peaks, which shifts in wavelength
with the increasing observation angle. Both TM and TE
polarized EL spectra are also measured and shown in
Fig. 5(a) and (b), which indicate that the modes corre-
sponds to the emission peaks of 520 and 595 nm at the
normal direction are TM polarized and that of 547 nm
are TE polarized.
4. Simulated optical modes in the corrugated OLEDs

To establish the optical modes supported by the micro-
structured OLEDs, absorption spectra are simulated. A
number of absorption maxima could be seen, if the inci-
dent light is coupled into modes supported by the struc-
ture. We apply the scattered matrix approach [41] to deal
with our periodically microstructured OLED with metal
and organic multilayered structure. The overall scattering
of the OLEDs is determined by first evaluating a matrix of
scattering parameters for each individual layer through
the solving of Maxwell’s equation, and then forming a scat-
tering matrix for the entire structure by the relevant
boundary conditions. As high as fifty orders spatial har-
monics are taken into consideration. Given an incoming
wave from the ITO glass side, the reflection waves have
been computed. Absorption spectra are obtained from
complementary relation between reflection and absorp-
tion. The grating with rectangular cross section and fill fac-
tor of 50% was employed and the refractive index of the
organic materials employed in the OLEDs was measured
by ellipsometry for the simulation. The dispersion map de-
rived from the simulated absorption spectra for the corru-
gated device with 350 nm grating period and for both TM
and TE polarization is shown in Fig. 5(c) and (d), in which
the absorption intensity appears as a function of both inci-
dent angles and absorption wavelength. The dispersion
relation curve constructed from the experimental EL emis-
sion spectra with both TM and TE polarization (Fig. 5(c)
and (d)) are also plotted. It can be seen that there is excel-
lent agreement between the theoretical calculation and
experimental measurement. Actually both the calculated
peak position at different angle and bandwidth of the
emission spectra coincide with that of measured data very
well. The optical modes within the device structure appear
as EL maxima indicates an efficiently outcoupling of light
from those optical modes, which are normally non-radia-
tive, by the addition of the appropriate wavelength scale
microstructure.

Both SPP and WG modes could be coupled out by the
microstructure. The spatial magnetic field (Hy) distribution
across the device structure as a function of position with



Fig. 6. EL spectra from both corrugated OLED with 350-nm grating and planar devices at normal direction (a), and distribution of the magnetic field
intensity in the corrugated OLEDs at the wavelength of incident polarized light of 595 nm (b), 547 nm (c) and 520 nm (d), respectively.
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the normal incident light is calculated to identify the opti-
cal modes for the devices with 350 nm grating period.
Fig. 6 shows the field distribution at the illumination
wavelength of 595, 547 and 520 nm, respectively, which
Fig. 7. Wavelength versus incident angle for the calculated dispersion relatio
polarization. The measured dispersion relation extracted from the EL spectra (ci
corresponds to the three peak wavelength of the EL emis-
sion at normal direction. The field intensity is with maxi-
mum at the Al/Alq3 interface and decay along the
direction perpendicular to it at the wavelength of 595 nm
n of the corrugated OLEDs with various grating period (K) and for TM
rcles) is also shown.



Fig. 8. Wavelength versus incident angle for the calculated dispersion relation of the corrugated OLEDs with various grating period and for TE polarization.
The measured dispersion relation extracted from the EL spectra (circles) is also shown.
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as shown in Fig. 6(b). We can conclude from this field dis-
tribution that the emission peak at 595 nm originates from
SPP modes, since SPPs are surface wave and propagating
along an interface between a metal and dielectric [42–
46]. On the other hand, the field at the wavelength of
547 and 520 nm is mainly confined within the ITO and or-
ganic layers (Fig. 6(c) and (d)), which should be assigned to
the TM and TE polarized WG modes due to the high refrac-
tive index of ITO and organic layers. Therefore the addi-
tional peaks shown in the EL spectra in Fig. 6(a) is
identified as the SPP mode associated with the Al cath-
ode/organic interface, and WG mode confined within the
ITO and organic layers, respectively. This conclusion is
applicable to the corrugated OLEDs with the various peri-
ods, except that the peak wavelength corresponding to
the SPP and WG modes is shift with the different period,
which has been verified by the following simulations.

The dispersion map derived from the simulated absorp-
tion spectra for the corrugated device with 400, 300, 250
and 200 nm grating period and for both TM and TE polari-
zation is shown in Figs. 7 and 8, respectively, which also
show agreement with the experimentally measurement
extracted from the EL spectra. The extracted light emission
from both the SPP and WG modes show blueshift with the
decreasing of the grating period. Comparing the EL spectra
from the corrugated and flat OLEDs at the normal direction
(Fig. 4(f)), we can see that both the extracted SPP and WG
modes located within the emission wavelength region of
the Alq3 emission for the device with the 350 nm grating
period at the normal direction, which contribute to a more
efficient outcoupling of the optical modes trapped in the
devices and result in the highest EL efficiency for this
OLED. Both the TM and TE polarized WG modes move
out of the emission region of Alq3 in case of the 200 and
250 nm grating period, while the emission band from the
SPP mode becomes flat, which results in a smaller shift of
the EL spectra at different observation angle and has been
verified in Fig. 4(d) and (e). Therefore an improved viewing
characteristic is expected. Our experimental and simulated
data indicate that the power lost to both SPP and WG
modes has been successfully recovered as light in far field
for the corrugated OLEDs, which contributes to a much en-
hanced light extraction. It is possible to obtain a further
improved light outcoupling by employing a 2-D grating
due to its higher efficiency in coupling SPPs to far-filed
radiation [47]. 2-D grating on the PVK:m-MTDATA by laser
ablation has been realized (Fig. 1(e)), and further investiga-
tion are needed to explore its effect on the light
outcoupling.
5. Conclusions

A periodic wavelength-scale corrugation has been
introduced into OLEDs by one-step laser ablation of two
interference beams, and enhanced outcoupling of radiation
has been demonstrated. The introduction of this micro-
structure has allowed the observation of the emission orig-
inating from the SPP and WG modes, which are usually
trapped within planar devices. An enhanced EL efficiency
from the corrugated OLEDs has been observed. The micro-
structure has been directly formed on the HTL of the OLEDs
by laser ablation without degradation of the device perfor-
mance. While combining with the two-beam interference,
both the period and the groove depth of the grating can be
easily and precisely controlled, so that it is applicable to
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OLEDs with different emission wavelength. With beam
expansion, an entire wafer could be structured with one-
shot nanosecond laser ablation, implying a broad industrial
application prospect of the one-step efficient large-area
approaches for OLEDs with much enhanced light outcou-
pling efficiency.
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