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In this work, experimental measurements on polystyrene-ZnO nanocomposite scattering films and on organic light-emitting
device with and without the scattering layers are presented. The results are also compared with Henyey-Greenstein radiative-
transfer model to narrow down the parameters that can be important in the identification of more suitable scattering layers. As a
result, an increase of efficiency of about 30% has been obtained that it can be translated in 60% of outcoupled light in respect to

the total generated amount.

1. Introduction

Brightness and efficiency are extremely important factors for
the employment of organic light-emitting diodes (OLEDs) in
lighting and displays application in the competition against
more standard technologies. For this reason, extracting the
wave-guided light trapped within OLED and more in general
within electroluminescent flat multilayer device structure
is one of the main driving forces to improve the device
efficiency. Several strategies were developed concerning the
surface modification to increase the efficiency factor by using
ordered microlenses, Bragg reflectors, 2D photonic crystal,
or modifying the cavity effects [1-4]. In all these high-
tech applications, there is not only an improvement in the
light extraction but also a substantial modification in angu-
lar device light intensity and/or spectrum [2-4]. Another
approach can be played by a more unsophisticated structure
simply performing polymer matrix by spin coating or
casting processes introducing scattering centres consisting of
nanoparticles that locally change the refractive index [5-11].
Following the last approach, in many papers [5, 6, 11], the
analysis of volumetric scattering layers has been addressed
to determine the right optical parameters (reflectance, trans-
mittance, and scattering properties) and make them suitable

for the employment in OLED light out-coupling purposes.
In this paper, we will depict the advantages of polystyrene-
zinc oxide (PS/ZnO) nanocomposites as volumetric light
scattering layers in OLED lighting applications. We tried to
obtain the out-coupling enhancements already reported in
the literature by means of thinner scattering films. In our
approach, we focused on high concentrations of nanopar-
ticles in polymeric films to increase the probability of the
scattering event between small refracting index differences
in mediums. To accomplish this task, we adopted ZnO
dispersions in PS films which are already reported in some
works where several PS/ZnO nanocomposites have been
investigated considering other kinds of effects of nanoscale
ZnO on the electrical and physical characteristics of PS
nanocomposites [12, 13].

2. Layers and Device Preparation

PS (average Mw ~192,000) and ZnO nanopowders (average
size <100nm) are commercially available products from
Aldrich. Chlorobenzene (Cl-benz) was selected as a cosolvent
of PS and ZnO. PS/ZnO nanocomposite layers with varying
concentrations of ZnO were prepared by solution-mixing
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FiGure 1: (Colour online) The device structure considered in this
work.

technique. PS was dissolved in Cl-benz at 90°C for 30min
with vigorous stirring at concentration of 15 wt%. ZnO was
dispersed in this solution by ultrasonic vibration for 10 min.
ZnO contents were 10 and 20% based on the polymer matrix.
To obtain a nanocomposite layer, the suspensions PS/ZnO
were spin coated (with 500 rpm for 30sec) onto glass side
of the indium-doped-tin-oxide- (ITO-) coated “float glass”
substrates, purchased from Delta Technology. These sub-
strates are provided with a passivation layer of about 300 A
of SiO; between the glass and a 120 nm to 160 nm thick ITO
layer having a sheet resistance (R;) from 8 to 12 Ohm/square.
The optical parameters for the substrates and the ITO layer
were specified by supplier [14]. Nominal refractive index was
1.517 for the float glass substrate and n = 1.775 and k =
0.012 for ITO. Substrate thickness was 1.1 mm and declared
optical transmittance greater than 83%. The substrates were
cleaned by sonication in deionised water and detergent
and dried in oven at 115°C for 2 hours. In this study, a
basic double-layer OLED configuration was fabricated with
a 40nm thick N,N’-di-1-naphthaleyl-N,N’-diphenyl-1,1"-
biphenyl-4,4’-diamine (NPD) film as HTL (hole transport
layer) and a 60 nm thick tris-8-hydroxyquinoline aluminium
salt (Algs) film as ETL (electron transport layer), see
Figure 1. Active layers of our OLEDs were deposited on ITO-
patterned anodes.

In this configuration, Alqs is both ETL and emissive layer
(EML). An Aluminium (Al) cathode was finally evaporated
to complete the device structure. The anodic structures were
patterned through inverse photolithography and HCl-based
solution etching. From the ITO side, the organic layers were
thermally evaporated sequentially with no vacuum break-
ing between their depositions. The pressure in deposition
chamber was kept always between 107 and 1077 mbar, and
the growth rate for the organic layers was between 1+2 A/s.
The Al cathode was evaporated through shadow mask, with
growth rate of about 2+3 A/s determining a circular active
area having a diameter of 4 mm.

For this work, we have fabricated six different series of
devices as reported in Table 1. PS/ZnO films at different
thickness are obtained by depositing several layers of disper-
sion.

2.1. Measurements. The films thicknesses have been evalu-
ated by a KLA Tencor P-10 Surface Profiler. We realized two
scattering films on quartz substrate with similar thickness
and different ZnO concentration to evaluate their optical

Journal of Nanomaterials

TaBLe 1: Thickness and ZnO concentrations in the PS/ZnO
nanocomposite layers.

Device Thickness of scattering layer (ym) 7Zn0O (wt%)
A No layer 0
B 4.6 0
C 5.1 10
D 8.3 10
E 12.1 10
F 5.3 20

EHT =15.00 kv
WD = 34 mm

Signal A = InLens
Photo No. = 59

Date :10 Mar 2009
Mag = 881.83 KX

F1GURE 2: SEM image of ZnO nanoparticles deposited on a silicon
substrate.

performances. These are the same conditions as the devices
Cand F (see Table 1).

Transmittance spectra have been measured with a
Perkin_Elmer lambda 900 spectrophotometer.

The scanning electron microscopy (SEM) images were
performed by means of an LEO 1530 microscope at a
magnification rate of 883 KX. The current-voltage (I-V)
measurements on OLED devices were performed by a
Keithley 2400 Power Supply Source-Meter in voltage mode,
with constant increment steps and delay time of 1s before
each measurement point. For the electroluminescence (EL)
analysis, a calibrated integrating sphere, with a circular
open window of about 1cm diameter where the devices
are accommodate, and a photodiode (Newport 810UV)
connected to a Keithley 6517A Electrometer were employed.
The Newport 810UV photodiode was used also to perform
angular measurements.

3. Experimental Results

Different optical measurements were performed on scatter-
ing films with different nanoparticles concentrations before
testing them coupled with OLEDs. These measurements were
very important in order to investigate the effects of light
scattering before the realization of a complete device.
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F1Gure 3: (Colour online) Transmittance (T (a) and reflectance (R) (b) spectra related to the free standing quartz substrate, to the PS film,

and to two nanocomposites with 10 wt% and 20 wt% of ZnO.
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FiGure 4: (Colour online) The angularly resolved normalized
intensity versus angle for the scattering film performed on a quartz
substrate with the presence of 20% of nanoparticles (black square).
The simulated data were obtained with ¢ ~ 0.88 and s ~ 200 1/mm
(red line).

3.1. Scattering Film Characterization. ZnO nanoparticles
were characterized by SEM imaging to analyze shapes and
sizes (Figure 2). From those images, we can see that the
nanoparticles are not spherical, and they are much more
similar to nanorods with the long axis around 200 nm or
smaller.

Figure 3 reports transmittance and reflection spectra of
the scattering films. From these measurements is possible
to observe that these films show no appreciable absorption
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Figure 5: (Colour online) The angularly resolved normalized
intensity versus angle for the scattering film performed on a quartz
substrate with the presence of 20% of nanoparticles at different
wavelengths.

in the visible range. Furthermore, the two ZnO dispersion
percentages (namely 10 wt% and 20 wt%) are easy to resolve
and discriminate.

For both PS/ZnO films, a decrease in transmittance
and a relative increase in the reflectance in the wavelength
range 400 nm—-800 nm are observed, following the refrac-
tive index variation in the same spectral range for the
ZnO nanoparticles [15, 16]. The pure PS layer without
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FiGure 6: (Colour online) Measured cathode reflectivity from the
glass side through the OLED device (red line) and the normalized
spectra measured from our devices (green line).
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FiGUre 7: (Colour online) Luminance versus current density of all
the OLED devices realized reported in a log-log plot. In the inset,
two devices are reported drove with the same current (1 mA) with
(up) and without (down) ZnO nanoparticles inside the PS polymer
matrix.

nanoparticles shows a very high transmission (higher than
90%) almost over the all investigated range from 2500 nm to
250 nm. From Figure 3, we can also observe the interference
effects inside the film. We utilized these effects to evaluate
the refractive index [17-19] that we have estimated to be
approximately around n = 1,58 for the PS. The interference
effect is broken by the presence of nanoparticles and the
consequent scattering mechanism for the PS/ZnO layers. The
interference observed for the pure PS is broken in the films
where ZnO nanoparticles have been dispersed, and on these
films, the main process is scattering inside the films.

We have realized angularly resolved scattering mea-
surements with the aim to describe the ellipsoidal profile
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determined by the light coming out from the sample when
perpendicularly irradiated by a laser light (HeCd A =
442 nm).

These kinds of measurements are particularly inter-
esting for the determination of scattering parameters as
previously reported in the diagnostic of different materials
(e.g., roughness surfaces, biological tissues). In Figure 4, the
results from the angularly resolved intensity for the PS/ZnO
nanocomposites with 20 wt% of ZnO are shown.

Figure 4 reports together with the experimental data
also the results of a simulation that has been performed.
Using Mie theory approach [20], the intensity of the
scattered light as function of the angle is a quite complex
function, so we have simplified our analysis by using two
parameters functions: one angular and another spatial. The
total intensity in presence of scattered light can be written as
function of the detection angle (6) and the optical pathway
inside the film (x) with total thickness L:

180 L
1(6,%) = Io mmﬂm*qum% (1)
0 0

where Iy and I; are, respectively, the incident light intensity
and the transmitted light intensity. The first function is the
Henyey and Greenstein function [21] due to the difference
in the refractive index between matrix and particles, and the
second is the scatterance due to the mean free path from a
scattering event to another.

The Henyey-Greenstein scattering distribution function
can be written as:

1-g°

9) —
PO 47 (1 + g2 — 2g cos6)

373 (2)

where g parameter is the anisotropy factor of the scattering
layer and gives rise to the shape of the output profile as a
response to an incident light beam.

Furthermore, when a ray enters in the scattering film,
it will be propagated with a random distance x and with a
distribution of probability

P(x) = e **dx, (3)

where the s parameter is the scattering coefficient [5, 6]. Or
on other words, s is the average distance between two centres
of scattering. The value P(x) needs to be integrated trough
all the film thickness to take into account the contribution of
all the scattering centers.

The data have been fitted using g and s as free parameters.
As aresult, the g parameter (0.88) results to be slightly higher
than literature results [5, 6], but this can be easily explained
considering the little refractive index difference between the
polymer matrix (n ~ 1.58) and the particles (from 1.9 to
2.1) [20]. Furthermore, nanoparticle shape can induce an
increase in the g parameter [22] if compared to the one
obtained by perfectly spherical nanoparticles.

With an anisotropy factor around 0.9 as discussed in
paper [11], we obtained a very broad optimum zone leading
to an enhancement of OLED light output as a function
of scatterance with a consequent easier way to reach the
optimum of behaviour.
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FiGure 8: (Colour online) The angularly resolved normalized intensity versus angle for the scattering film performed on glass substrates and
the related simulation (a). Extraction coefficient factor versus scatterance (black circle) and asymptotic simulated data (grey line) (b).

The higher value of the refractive index of the matrix
(n ~ 1.58) in respect to the glass substrate (n ~ 1.52) induces
a good compromise between the light confinement effect of
light and the outcoupling of light [23]. These results suggest
the possibility that the light could easily pass from the glass
to the scattering layer.

Figure 5 shows the angular distribution of the scattering
intensity for different excitation wavelengths from the UV
to the red. It is clear that the scattering intensity at wider
angles decreases going from the visible to the red due to the
variation of the ZnO refractive index.

For the UV region, the behaviour is completely different;
in fact the dynamic is faster as function of the angle, because
the matrix has a higher absorption (see Figure 3).

3.2. Device Characterization. In presence of light-scattering
form, a layer of the device one of the most critical parameters
in the determination of light extraction is the effective
cathode reflectivity. In Figure 6, the cathode reflectivity
related to our stacked device in the same range of wavelength
of the OLED spectra is showed. In the chosen spectral range,
the reflectivity values are always higher than 80%, this is a
good compromise for the aims of our investigation [5, 11].

As reported in Table 1, scattering films were realized with
different particles concentrations and different thickness,
and their effect on light outcoupling on the associated OLED
efficiency was evaluated realizing six different devices.

The total internal reflection and the relative trapped
light on device A was performed introducing the device
inside to an integrating sphere and then mounting the same
device outside in front of the optical window as previously

described. As expected, only the 30% of light is able to
go through the glass substrate [24]; thus, the trapped light
amount is around 70%, and it is completely loss. Now we
are able to evaluate correctly the efficiency improvement
of our devices simply performing the measurement on the
other devices taking into account the reflectivity of Figure 6
where it is shown the luminance behaviour versus the devices
current density.

Figure 7 reports the luminance as function of the current
density for the six devices realized. It is possible to note an
improvement of efficiency both increasing the ZnO wt% and
the thickness of scattering layer. In particular, a maximum
enhancement of luminance of about 2 times is observed for
devices E and F that can be translated in a 30% of luminance
improvement in respect to the outcoupled light and in a 60%
improvement for the in light that can be utilized respect to
the totally generated.

From the inset of Figure 7, we can observe two images
related to two devices drove at the same current (1 mA)
with and without ZnO nanoparticles inside the PS polymer
matrix. The active area of the device with the scattering layer
seems to optically increase, because the light is not only
scattered but also guided, but it is clear that we have an
increase in the OLED efficiency too.

These results indicate also a saturation behaviour for the
device efficiency in respect to the scattering layer thickness
as expected. In fact, it is due to the optical parameters of
our PS/ZnO nanocomposite blends and in particular to the
g parameter value. In particular, in agreement with previous
studies, we found a peak of efficiency at scatterance value of
around 2.5 and a shift of the peak itself to high scatterance
values due to high g values [5].



To this regard, in Figure 8(a), the angularly resolved
normalized intensity versus angle for the scattering film
is presented. These results demonstrate, once again, that
our films have no relevant absorption (see Figures 3 and 5
for comparison), and so it is not critical if the peak for
the outcoupling efficiency is achieved by changing the
nanoparticle concentration, or through adjusting the free
mean path in the film by increasing the thickness as
it is possible to observe in Figure 8(b). In particular, in
Figure 8(Db), it is reported the total scatterance (S), calculated
from the scattering coefficient reported in the legend of
Figure 8(a) and the layer thicknesses reported in Table 1,
versus the extraction efficiency factor (#.), found keeping
in mind that without scattering layer, it is nearly 0.3 [24,
25] using the Lambertian distribution and evaluating the
difference in the devices luminance fixing the current density
at 400 (A/m?).

4. Conclusions

Optical permanents of different kinds of polystyrene-ZnO
nanocomposites have been studied. The application of such
composites as scattering film in lighting application has
been also evaluated. The optical parameters have been
investigated, and an anisotropy factor around 0.88 was
found.

As expected, we have found that increasing the thickness
or the percentage in weight of ZnO nanoparticles leads to
an improvement of device efficiency. In particular, with a
thickness of around 12 ym and 10 wt% of ZnO nanoparticles,
it is possible to reach an extraction efficiency factor around
0.6 with a considerable improvement in the light emission.

In conclusion, we have utilized a radiative-transport
analysis to develop a simple light extraction system that can
be suitable in OLED lighting applications, while it must be
carefully used for displays application because the device
active area seems to increase.
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