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We report ultraviolet electroluminescence from ZnO nanoparticle-based devices prepared by the
dry-coating technique. With dry-coating process, the structure of the ZnO nanoparticle monolayer
(90 nm) in the device can be easily achieved. The method reduces the density of pinhole defects in
the ZnO nanoparticles. The confirmation for dry coating is investigated using field-emission
scanning electron microscopy. The devices show the ZnO band-gap emission peak at 380 nm and
the background emission from the interface between the host matrix and Aluminum
tris-8-hydroxyquinoline. The origins of the ZnO band-gap emission and background emission are
also discussed. © 2008 American Institute of Physics. [DOI: 10.1063/1.2952283]

Zinc oxide (ZnO) is a promising semiconductor with a
wide direct band-gap of 3.37 eV. Due to its large exciton
binding energy (60 meV), the excitons in ZnO are thermally
stable at room temperature. It has been regarded as one of the
most promising candidates for the next generation of ultra-
violet (UV)-blue light-emitting diodes (LEDs) and lasing de-
vices operating at high temperatures and in harsh environ-
ments. A few studies have been reported on the development
of heterojunction LEDs using ZnO thin film,'"”” ZnO
nanowires,* ' or ZnO nanoparticles.15 19 1n the past, we have
reported the use of phase-segregation technique to fabricate
the ZnO nanoparticle electroluminescent (EL) devices.'®
With phase segregation, the ZnO nanoparticles and organic
material will form a heterostructure. This method can im-
prove the probability that electrons and holes recombine in
the ZnO nanoparticles to enhance the band-gap emission.
However, it is not easy to achieve the phase segregation. In
addition, the thickness of ZnO nanoparticles is very difficult
to control. Here we report an approach, dry-coating method,
to fabricate ZnO EL devices with heterostructure. The ZnO
monolayer can be easily achieved by dry coating. Unlike the
phase segregation, which requires a particular type of hole-
transporting material and special conditions of solvents, the
dry-coating method is applicable to several hole-transporting
materials. The method has the prominent advantage of mak-
ing the cost of ZnO EL devices less expensive.

In this work, we prepare three types of ZnO EL devices
formed with a host polymer, ZnO nanoparticle monolayer,
and an electron transporting layer. The following host matrix
materials dissolving in chloroform with different concentra-
tion are chosen respectively: 0.7 wt % poly(fluorene) (PF),
1 wt % poly(N-vinylcarbazole) (PVK), and 0.7 wt % poly(3-
hexylthiophene) (P3HT). For the electron transporting
layer we employed small-molecular aluminum  tris-8-
hydroxyquinoline (Alg3). The ZnO nanoparticles were pur-
chased from Aldrich. The diameter of the ZnO nanoparticles
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is 90 nm. The procedure of device fabrication is as follows.
First, we clean the indium tin oxide (ITO) glass by de-
ionized water, acetone, and isopropyl alcohol sequentially.
Then the host matrixes are spin coated on ITO glass respec-
tively. In order to get the optimized film-forming property,
the different host matrixes have the different thickness by
different spin-coating condition (PF: 200 nm, PVK: 900 nm,
and P3HT: 110 nm). These samples are baked at 170 °C
(device I), 170 °C (device II), and 120 °C (device II) for
2 h individually. Then we deposit the ZnO nanoparticles on
each host matrix by dry coating under the temperature of
85 °C and subsequently annealed at 120 °C for 2 h to im-
prove the contact between the ZnO nanoparticles and the
host matrix. Then the solution containing the 0.5 wt % Alq3
is spun on top of the ZnO nanoparticles and subsequently
annealed at 60 °C for 2 h to remove the solvent. Afterward,
2000 A of aluminum (Al) was deposited onto the electron
transporting layer using thermal evaporation under a vacuum
of 3X 107 torr. The emitting area is 0.7 X 0.3 cm”. The de-
vice structure is ITO/host matrix/ZnO nanoparticles
(monolayer)/Alq3/Al. The schematic of the device structure
is shown in Fig. 1(a).

In the past, the organic/inorganic EL devices are mainly
fabricated by spin coating. 14716 The organic/inorganic nano-
composites are formed through dlsperswn of inorganic nano-
particles within the polymer matrix. 14716 However, the hy-
brid structure is a disadvantage for carrier recombination in
nanoparticles due to the high density of pinhole defects

(@)  Alelectrode (b)

ZnO nanoparticles
o, °° I ° l o_—Vent

Electron transpdrting layer /'
00900000000 00000000000 000

ZnO nanoparticles

FIG. 1. (Color online) (a) Cross-sectional schematic of the ZnO EL device
structure. (b) The schematic of the dry-coating machine.

© 2008 American Institute of Physics

Downloaded 12 Aug 2008 to 140.112.32.12. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2952283
http://dx.doi.org/10.1063/1.2952283
http://dx.doi.org/10.1063/1.2952283

261107-2 Lee et al.

(©)
ZnO nanoparticles

nO nanoparticle
layer (90 nm) |

P3HT layer
Glass substrate

FIG. 2. (Color online) FESEM images of the ZnO nanoparticle layer (a)
after spin Alq3 (cross-sectional view); (b) after spin Alg3 (top view); (c)
before spin Alg3 (cross-sectional view); and (d) before spin Alg3 (top view).

in nanoparticle aggregations. The pinhole defects could
cause the excitons quenching and inconsistent device
performance.ls’16 In order to reduce the density of pinhole
defects in ZnO nanoparticles, the development of the ZnO
nanoparticle monolayer layer is required.

In this study we show that with the dry-coating tech-
nique, ZnO nanoparticle monolayer can be achieved in ZnO
nanoparticle/polymer composite. During the dry-coating pro-
cess, the ZnO nanoparticles are adsorbed on the host matrix
using ZnO nanoparticle smog during dry-coating process.
The ZnO nanoparticle smog is making by homemade
nanosmog-making machine, as shown schematically in Fig.
1(b). In the dry-coating procedure, the ZnO nanoparticles
may aggregate due to the electrostatic force. However, the
latter process using the Alq3 solution could cause the aggre-
gated ZnO nanoparticles without direct contact with the host
matrix to disintegrate. The remained ZnO nanoparticles ad-
sorbed on the surface of the hole-transporting layer then
form a nanoparticle monolayer (90 nm), which is sand-
wiched between the organic thin films. The bottom host ma-
trix adsorbs the ZnO nanoparticles. The top electron trans-
porting layer, Alq3, serves three important functions. First,
electron injection is enhanced. Second, quenching of radia-
tive recombination near the metal interface is avoided. Third,
the ZnO nanoparticle monolayer is achieved.

The field-emission scanning electron microscopy
(FESEM) is utilized to examine the formation of the ZnO
nanoparticle monolayer. With the process using the Alq3 so-
lution, the ZnO nanoparticles will form the ZnO nanoparticle
monolayer on the host matrix (P3HT). Figure 2(a) shows the
depth profile of ZnO nanoparticle distribution after an Alq3
thin layer was spun on the ZnO nanoparticles. It can be seen
that the ZnO nanoparticle layer with a thickness of 90 nm is
sandwiched between the P3HT and the Alq3 thin films.
Moreover the Alq3 overlayer can be planar with a smooth
surface, as shown in Fig. 2(b). In contrast, without the pro-
cess using the Alg3 solution, the ZnO nanoparticles will not
form the ZnO nanoparticle monolayer. It can be seen from
the depth profile in Fig. 2(c) that several layers (approxi-
mately microns) of the ZnO nanoparticle are covered on the
host matrix (P3HT). For the surface morphology in Fig. 2(d),
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FIG. 3. (Color online) The room temperature I-V curves in the dc bias mode
of the ZnO nanoparticle/PF EL device (a) with Alg3; (b) without Alg3.

a surface coverage of the ZnO nanoparticle of 89% is ob-
tained. It indicates that the ZnO nanoparticle adsorption on
the host matrix during dry-coating process is easy.

The I-V curves in dc bias mode of the ZnO EL devices
with and without Alq3 are shown in Fig. 3, using Al as the
cathode material. For the device with Alq3, the /-V curve
(curve a) shows stable and good linear I-V dependence under
forward bias. The turn-on voltage is about 6 V. However, for
the device without Alg3, the corresponding I-V curve (curve
b) is unstable, indicating that the pinhole defects lead to un-
stable current injection in the ZnO nanoparticles and poor
device performance. Hence the electron transporting layer
plays a very important role for device performance.

The EL characteristics of the ZnO nanoparticle devices
are also measured. Figure 4(a) shows the EL spectra of the
three kinds of the ZnO nanoparticle devices under forward
bias of 9 V. For the device with PF (device I, curve a), the
EL spectrum shows a strong ZnO band-gap emission peak at
380 nm with the broad background emission from PF. The
full width at half maximum of the spectrum is 100 nm. For
the device with PVK (device II, curve b), it shows a broad-
band spectrum from 380 to 700 nm, which are the character-
istics of the emissions of the ZnO nanoparticles (380 nm)
and PVK (553 nm). The emissions indicate that the radiative
recombination occurs in the ZnO nanoparticles and at the
host matrix/Alg3 interface. For the device with P3HT (de-
vice III, curve ¢) at the same forward bias of 9 V, it also has
a peak around 380 nm contributed from ZnO. However the
EL spectrum showed another strong background emission
peak from P3HT at 655 nm. The suppression of the ZnO
band-gap emission and the enhancement of the broad back-
ground emission from host matrix imply that the energy
transfer from higher-energy emission material (ZnO nanopar-
ticle: 3.3 eV) to lower-energy emission material (P3HT:
1.6 eV) is very strong. Exciton generation on the host matrix
occurs via two parallel processes: direct charge injection and
exciton transfer from the higher-energy ZnO. For direct
charge injection, carriers may be trapped at the host material
owing to the voids in the single ZnO monolayer. Alterna-
tively, excitons can be formed in the ZnO nanoparticles that
are near the host matrix. These excitons can then undergo
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FIG. 4. (Color online) (a) Comparison of EL spectra of ZnO-based nanocomposties with different host matrixes. (b) Room temperature PL spectra of three
host matrixes (PF, PVK, and P3HT) with ZnO nanoparticles (The intensities are plotted in logarithmic scale, in order to distinguish from the different

intensities of the different samples clearly).

sites, where they recombine radiatively. Thus the enhance-
ment of the ZnO band-gap emission could be addressed by
(1) improving the coverage of the ZnO monolayer on the
host matrix to increase current injection into the ZnO nano-
particles and (2) using the higher-energy host material to
avoid the energy transfer between the ZnO nanoparticles and
the host material. In addition, the usual emission around
560 nm from the O-vacancy defects of ZnO is not observed.
Also, although Alq3 is used in our devices, its emission
around 532 nm does not appear.

To investigate the origin of the EL band, photolumines-
cence (PL) spectra of host matrix/ ZnO nanoparticles excited
using the 266 nm of a Nd-YAG (yttrium aluminum garnet)
laser are also measured at room temperature and shown in
Fig. 4(b). For the device with the higher-energy host matrix
(PF/PVK), the PL spectra show the emission band in the
ZnO band-gap emission (380 nm) with a weak emission
band from the host matrix. For the device with the lower-
energy host matrix (P3HT), the PL spectrum shows the de-
creased ZnO band-gap emission and the strong host matrix
emission, which is due to the Forster energy transfer from
the higher-energy ZnO to the lower-energy host matrix.
Thus, the ZnO EL device with the lower-energy host matrix
causes the poor ZnO band-gap emission.

In conclusion, we report the use of dry-coating technique
to fabricate the ZnO nanoparticle EL devices. The dry coat-
ing makes the structure of the ZnO nanoparticle monolayer
in the device possibly employed. The ZnO monolayer
(90 nm) structure can reduce the probability that electrons
and holes recombine in the pinhole defects. The FESEM
analysis reveals that the ZnO monolayer is sandwiched be-
tween the organic transporting materials. Here we demon-
strate three types of the ZnO nanoparticle EL devices. These
devices show a ZnO band-gap emission peak at 380 nm and

the background emission from the host matrix. The emis-
sions occur via two parallel processes of exciton generation:
direct carrier injection and exciton energy transfer. The dry-
coating technique revealed in this work shows a convenient
way to fabricate ZnO EL devices with very low cost.
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