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T
he first mesoporous molecular
sieves based on silica were reported
in 1992, which were called M41S ma-

terials of which pores featured hexagonal,
cubic, and lamellar structures.1–3 The nano-
pores (2�50 nm) of mesoporous inorganic
materials are typically made by eliminating
the ordered soft nanodomains (organic sur-
factants) surrounded by a rigid inorganic
(e.g., silica) frame via calcinations and/or ion
exchange processes.4 In particular, the size
and geometry of the nanopores can be eas-
ily controlled by varying sorts of organic
surfactants, pH of precursor solutions, hy-
drothermal treatment conditions, etc.

These surfactant-templated mesoporous
inorganic structures were used as a host
nanostructure to bind guest molecules in
composites5 in applications for high-
surface-area catalysis,6 molecular separa-
tion,7 pH-sensors by incorporating pH-
sensitive dyes,8 gas sensors,9 and insulat-
ing dielectric layers.10 In addition, their thin
films were applied for the inclusion of or-
ganic materials because the mesochannels
formed in the thin film of mesoporous ma-
terials could trap gaseous or liquid organic
materials (for example, a template-free
mesoporous film based humidity sensor
that exhibits an electrical current variation
upon uptaking moistures).11 Wu et al. re-
ported the oriented polymer/silica compos-
ites synthesized by incorporating poly[2-
methoxy-5(2=-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV) into the
pores of the aligned and hexagonally or-
dered mesoporous silica.12 Very recently,
Molenkamp et al. reported the highly
aligned mesoporous silica films filled with
MEH-PPV as a promising new class of host/
guest structure in which the polymer chains
exhibited a high degree of dipole align-

ment due to their confinement within the
silica frames.13 However, these mesoporous
materials have not yet been applied for or-
ganic light-emitting devices (OLED), even
though we briefly reported a hybrid OLED
(HOLED) with amorphous silica-dye com-
posite films prepared by in situ sol�gel
reaction.14

In this work, we have attempted to make
highly ordered mesoporous silica (MS) nano-
layers (nanofilms), of which mesochannels
are infiltrated with hole-transporting mol-
ecules, N,N=-diphenyl-N,N=-bis(3-
methylphenyl)-1,1-biphenyl-4,4=-diamine)
(TPD), as a stable hole injection/transport
layer (HITL). The idea here is that the ther-
mally and mechanically (geometrically)
strong MS frames could help overcome the
weakness of unstable but relatively cheap or-
ganic semiconducting materials such as the
TPD molecule that was already confirmed as
the unreliable material for thin films.15 If this
idea works, its application can be extended to
improve the device reliability of OLEDs which
still lags behind the requirements for con-
sumer display device applications despite on-
going remarkable advances [Note that OLED
displays in market show the device lifetime
less than 150 h at 90 °C (�10000 h at room
temperature)].16–18
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ABSTRACT Organic hole-transporting molecules were infiltrated into inorganic mesochannels via hexagonally

ordered nanopores that are open at the edge side of mesoporous silica (MS) nanolayers prepared using a block

copolymer template. This organic-molecule-infiltrated MS nanolayer was used as a hole injection/transport layer

for hybrid organic light-emitting devices (HOLED) for improving the device stability. The result showed that the

efficiency of HOLED is within reach of that of conventional devices, promising further improvement by the

thickness control.
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RESULTS AND DISCUSSION
Preparation and Resulting Nanomorphology. Optically

transparent hexagonally ordered MS nanolayers were

synthesized using the modified procedure (see Figure

1 and Methods section) from the reported method.19,20

The present modified procedure makes a hexagonal

nanopore structure because corresponding precursor

solution is not heated but just stirred at room tempera-

ture for a longer time (�5 h) before spin-coating to al-

low slow and organized growth of sol�gel intermedi-

ates, whereas a cubic structure is made by the

conventional procedure in
refs 19 and 20 which heats
the precursor solution at
50�80 °C resulting in a
quick growth of sol�gel
intermediates.

Figure 2 shows the
nanomorphology of MS
or TPD-infiltrated MS
(TIMS) nanolayers. The
SEM image shows a well-
controlled MS nanolayer
exhibiting a nanoporous
structure in its edge re-
gion despite the de-
formed shape arisen
upon breaking the
sample for measurement
(see Figure 2a). Here the

TEM images show that these nanopores in the edge
of the nanolayer are highly ordered featuring a hex-
agonal nanostructure (see X1 and X2 in Figure 2d),
while the surface of this nanolayer is made with the
extremely organized nanostripes or nanotubes (see
Y1 in Figure 2d and Figure 2e). This nanotubular sur-
face structure is confirmed from the AFM images
(see Y2 and Y3 in Figure 2b,c). Therefore, the present
MS nanolayers have a mesochannel structure of
which nanopores are open in the edge side but
closed on the surface direction. However, consider-
ing the AFM images, the mesochannels (mesotubes)

are not linearly shaped but are mixed
with highly ordered regions (see Y2
and Y3 in Figure 2b,c; Y1 in Figure 2d;
Figure 2e) and disordered interfacial
domains (see Z1�Z4 in Figure 2b,c). In
particular, the very small nanospots
(see P1 in Figure 2c) are considered as
a defect (e.g., amorphous silica) made
during the precursor film preparation
and/or calcination processes. Hence,
during the immersion process of the
MS nanolayers in the TPD/chloroform
solution the TPD molecules could be
infiltrated through the nanopores at
the layer edge of which the size is es-
timated to be 5�8 nm with the TEM
image (see Figure 2d,f), resulting in
the TIMS nanolayer substrates for
HOLEDs (see Figure 2g for the size
comparison between the TPD mol-
ecule and the nanopore). We note that
the TEM and AFM images were al-
most similar between the pristine MS

and TIMS nanolayers. In addition, we

note that the present morphology ex-

aminations do not show any serious

Figure 1. Schematic illustration for the preparation of TIMS nanolayers: (a) starting solution containing or-
ganic template (F127) and catalysts, (b) dropping TEOS into the solution in container a, (c) resulting precur-
sor solution, (d) precursor nanolayer spun onto ITO glass, (e) MS nanolayer (see hexagonal nanopores) ob-
tained by calcinations from structure d, and (f) infiltration of TPD molecules into the nanopores of MS
nanolayer to make corresponding TIMS nanolayer.

Figure 2. Nanomorphology of MS or TIMS nanolayers: (a) SEM image for the cross-sectional
area of nanolayer [see the nanopores in the enlarged part and more clear view in panel d];
(b,c) AFM images exhibiting two types (b and c) of surface nanomorphology mixed in actual
nanolayers which feature less-ordered domains (Z1�Z4), nanospots (P1), and interfaces be-
tween highly ordered domains (see circles in orange color); (d) TEM image of tilted nanolayer
to show both edge (dotted region) and surface (striped region) sides [note that the exact
size of nanopores can be measured from the closest front side ones (X2) owing to the tilted
image]; (e) TEM image of the surface side of the nanolayer [see (d) Y1, (b) Y2, and (c) Y3]; (f)
schematic illustration for the dotted region (see X2) in the TEM image d; and (g) enlarged
drawing from one nanopore of structure f [note that the size of silica frame is not drawn to
the actual dimensions owing to the limited space in this figure].
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cracks that could make possible vertical pathways
for charge transport and/or leakage.

Characterization of Nanopores. As shown in Figure 3a,
the WAXD pattern exhibits the obvious (100) diffrac-
tion peak at 2��1.49° leading to the d-spacing of �6
nm that is well positioned in the middle of the pore size
(5�8 nm) measured using the TEM in Figure 2. In par-
ticular, the second order (200) peak 2� � 2.93° confirms
how regularly the nanopores are made inside the MS
nanolayer, even though the third-order peak is hidden
with the weak and broad reflection peaks at around 2�

� 4.5°�7° which are attributed to amorphous parts as
observed in the AFM images (Z1�Z4 in Figure 2b,c).
These amorphous parts can be explained by the SAXS
profile that shows a multidomain nanostructure which
varies in size from 37 to 96 nm (see d1�d4 in Figure 3b).
This indicates the existence of polycrystalline (or par-
tial amorphous) structures in the nanolayer, which is
supported from the AFM images in Figure 2.

As shown in Figure 3c, the pore size (average diam-
eter) of MS nanolayers were calculated as �7 nm us-
ing the BJH method (see Methods section),21,22 which
is very similar to those values measured with TEM (5�8
nm) and WAXD (6 nm). The specific surface area was de-
termined to be 1693 m2/g (1.693 � 1021 nm2/g) accord-
ing to the BET method,21 while the calculated pore vol-
ume was 0.7 cm3/g from the adsorbed volume as a
function of pressure using the BJH method.19,20,22 Here
we note that the present MS nanolayer shows the larg-
est surface area among those reported previously,19,20

which might be attributed to the correlation of lower
pore volume and smaller diameter. This result indicates
that the pore volume of the TIMS nanolayer per each

pixel in OLEDs is �3 � 1014 nm3, considering its whole

volume per pixel (4.4 � 1014 nm3). Therefore, assum-

ing the volume (�1 nm3) of a single TPD molecule (see

its dimension in Figure 2g), the ideal number of TPD

molecules infiltrated into the MS nanolayer per each

pixel is approximately �3 � 1014.

Evidence of Infiltration Leading to TIMS Nanolayer. As shown

in Figure 4a,b, optical measurements show clear evi-

dence that the TPD molecules were infiltrated into the

MS mesochannels. The optical density spectrum of the

TIMS nanolayer does excellently follow that of the pris-

tine TPD film even though its absorption peak at the

shorter wavelength range (200�250 nm) was shifted

toward a lower energy part (see Figure 4a). Similarly, the

photoluminescence (PL) spectrum of the TIMS nano-

layer resembles that of the pristine TPD film (see Fig-

ure 4b). Here the increased intensity of the TIMS nano-

layer at the wavelength between 430 and 570 nm is

considered as an interaction between the lone pair elec-

trons in the nitrogen atoms of TPD molecules and the

unsaturated hydroxyl groups of inner silica walls, which

would also be the reason for the lower PL intensity at

450 nm peak for the TIMS nanolayer. We note that the

MS nanolayer showed only weak PL spectrum which is

obviously different from those of TPD film or TIMS

nanolayer.

Figure 3. Characteristics of MS nanolayers: (a) WAXD pat-
tern as a function of diffraction angle (2�), (b) Lorentz-
corrected SAXS profile as a function of scattering vector (q)
(ref 31), (c) pore size distribution by BHJ method [VP and DP

denote a pore volume and a pore diameter, respectively. In-
set shows nitrogen adsorption (A)�desorption (D) isotherms
showing adsorbed volume (VA) as a function of relative pres-
sure].

Figure 4. Characteristics of TIMS nanolayers: (a) normalized
optical density (OD) spectra (TPD and MS samples were mea-
sured for comparison); (b) normalized photoluminescence
(PL) spectra (TPD and MS samples were measured for com-
parison. The excitation wavelengths were 208, 316, and 314
nm for MS, TPD, and TIMS samples, respectively); (c) atom
concentration (CATOM) in the TIMS nanolayer (thickness �
110 nm) as a function of thickness, and (d) logarithmic pho-
tocurrent (PC) transient of TIMS nanolayer (thickness � 400
nm) as a function of time (see linear scale in inset; tTR repre-
sents the inflection point).
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However, the XPS investigation shows that the
relative composition of TPD decreases as the pore
position is closer to the substrate (see the C1s peak
trend in Figure 4c): We note that the N1s (N�C
bonding) peak is not so reliable because of very
low concentration even though it is very different
in energy from that of N2 gas that could be possi-
bly adsorbed in the pores because all processes were
performed inside a nitrogen-filled glovebox. There-
fore, the population of infiltrated TPD molecules
might be far lower than the ideal number (i.e., ��3
� 1014). As shown in Figure 4d, the photocurrent
transient by TOF measurement23,24 exhibits an in-
flection point at around tTR � 9.8 �s, which results
in the hole mobility [� � d2/(E � tTR)] of 1.02 �

10�10 cm2 V�1 s�1 at an electric field (E) of 2 � 106

V cm�1. This mobility is very lower than that (5.7 �

10�5 cm2 V�1 s�1 at E � 5 � 105 V cm�1) reported
by Morais et al.25 for the TPD modified silica precur-
sor sol�gel material. This low mobility of the TIMS
film can be attributed to the “effective” charge
blocking of silica walls (about 11 walls with 3�5
nm thick for each pore in the thickness direction of
the 110 nm thick nanolayer), because a limited
charge transport is expected for the 3�5 nm thick
inorganic layers such as SiO2 or LiF depending on
their packing densities (this will be discussed again
in Figure 5).26,27 In addition, the low concentration
of TPD molecules, particularly in the vicinity of ITO
anode as confirmed with the XPS measurement,
might be responsible for the low hole mobility as ob-
served previously by diluting TPD molecules in a
polycarbonate matrix.28

Device Characteristics. As shown in the inset to Figure
5 (top panel), almost no current flow across the elec-
trode was detected for the control devices with the
MS nanolayer (and/or the inserted TPD layer in between
MS and Alq3 layers). This proves that the MS nanolayer
(without TPD molecules) is absolutely an insulating
layer, whereas the TIMS nanonalyer (infiltrated with
TPD molecules) is a semiconducting layer. The J-V-L
characteristics of OLEDs with the TIMS nanolayer ex-
hibit a thickness-dependent trend (see Figure 5 top and
middle panels): The best device performance was
achieved at the Alq3 thickness of 70 nm (see the photo-
graph of actually operated HOLED in the middle panel
of Figure 5), whereas the thinner or thicker Alq3 layer
resulted in the poorer performance. Although this
thickness-dependent trend is also observed for the
TPD devices, its influence is more pronounced for the
TIMS devices because the required electric field (or volt-
age) across the electrodes at the same current density
(or luminance) is much higher for the TIMS devices than
the TPD devices. This strongly indicates that the present
TIMS nanolayer controls the hole current as expected
from the measured hole mobility for the thick TIMS film
in Figure 4d. In addition, the diode characteristics (i.e.,

diode ideality or upturn behavior) in J-V curves29 are

poorer for the TIMS devices than the TPD devices irre-

spective of the active layer thickness (see Figure 5 top

panel). This is also attributed to the very low mobility of

TIMS films having the relatively thick (3�5 nm) silica

walls (see Figure 4d) which is expected to be more elec-

tric field-dependent than the pristine TPD films.

Despite this pronounced hole confining effect of

the TIMS nanolayer, the current efficiency of the TIMS

devices (except “b” device) was generally lower than

that of the TPD devices (see Figure 5 bottom panel).

However, the “b” device with the 70 nm thick TIMS

nanolayer showed very close efficiency to the TPD de-

vices at the same Alq3 thickness. This result implies a

very promising future for the TIMS nanolayer as the

HITL in OLEDs, and proposes further control of the TIMS

nanolayer thickness in order to reduce the turn-on volt-

age for enhancing the maximum luminance, seen from

the TPD device with the reduced TPD thickness (see “f”

in Figure 5): Here no significant device degradation is

expected for the TIMS device by reducing the TIMS

thickness due to the stabilizing of TPD molecules by du-

rable MS walls, whereas the catastrophic deterioration

is observed frequently for the thinner TPD devices.30 Fi-

nally, we noticed that the Commission Internationale

de l’Eclairage (CIE) chromaticity coordinate (x, y) was al-

most not changed for the HOLED with the 70 nm thick

TIMS nanolayer, whereas it was changed from (0.31,

0.56) to (0.32, 0.55) upon increasing the applied volt-

age up to 32 V for the TPD device.

Figure 5. J�V (top panel), L�V (middle panel), and current
efficiency (�C)�J (bottom panel) characteristics of HOLEDs
with TIMS nanolayers (110 nm) and Alq3 ((a) 50, (b) 70, (c)
110 nm), OLEDs with TPD layers (110 nm) and Alq3 ((d) 70,
(e) 110 nm), and (f) OLED with TPD layer (50 nm) and Alq3
(50 nm). Inset to the top panel shows J�V characteristics of
devices of which active layers in between ITO and Al elec-
trodes are TIMS (110 nm)/Alq3 (70 nm), MS (110 nm)/Alq3
(70 nm), and MS (110 nm)/TPD (50 nm)/Alq3 (70 nm). The
photograph in the middle panel shows the image of the op-
erated HOLED (ITO/TIMS (110 nm)/Alq3 (70 nm)/Al) at 15 V.
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CONCLUSIONS
The MS nanolayers were successfully prepared to

have mesochannels with hexagonally ordered nano-
pores in a size of 5�8 nm, of which the mouth was open
at the edge side so that the TPD molecules could be infil-
trated into the mesochannels. However, the surface mor-
phology showed that the mesochannels are nonlinearly
oriented along with the substrate plane, resulting in mul-
tidomain polycrystals. The concentration of infiltrated
TPD molecules was lower at the ITO electrode side than
at the surface side, which might contribute to the very
low hole mobility. The current efficiency of HOLED with
the TIMS nanolayer was within reach of that of OLED with
the pristine TPD layer at the same thickness, promising a

further improvement in device performance and reliabil-
ity as well, when it comes to the well-defined and ther-
mally/mechanically durable silica nanostructures. Finally,
we propose following two methods to improve the
present device performance: (1) The present TIMS nano-
layer has insufficient incorporation of TPD molecules into
the pores, leading to low hole mobility. This could be im-
proved by modifying the silica wall with alkyl groups via
employing organosilica precursors since nonpolar TPD
molecules can easily path through the modified nonpo-
lar walls. (2) The device performance could be also im-
proved by optimizing the silica wall thickness as well as
the pore size to achieve reduced electrical resistance and
improved degree of incorporation into pores.

METHODS
Materials and Preparation of MS and TIMS Nanolayers. The first step

in the modified procedure is to prepare the mixture solution con-
sisting of deionized water (H2O) (12 mol), hydrochloric acid solu-
tion (35% HCl, Junsei Chemical) (3.0 � 10�2 mol), anhydrous eth-
anol (EtOH, Aldrich, 99.9%) (60 mol), and poly(ethyleneoxide)-
block-poly(propylene oxide)-block-poly(ethylene oxide)
(EO106PO70EO106, F127, Aldrich) (1.0 � 10�2 mol) as an organic
templating surfactant, which was vigorously stirred at room tem-
perature for 2 h (see Figure 1a). Next, tetraethoxysilane (TEOS, Al-
drich, 98%) (1 mol) was slowly added to the previous mixture so-
lution with vigorous stirring at room temperature for 2 h (see
Figure 1b), resulting in the precursor sol solution for the target
MS nanolayers (see Figure 1c).

Prior to spin-coating, indium�tin oxide (ITO) coated glass
substrates were patterned in a strip size of 2 mm � 20 mm, fol-
lowed by wet and dry cleaning in the same way as described in
refs 15 and 16. Then the precursor sol solution was spin-coated
onto the cleaned ITO glass substrate at 6000 rpm for 50 s (1000
rpm for 20 s to make a 400 nm thick film for the hole mobility
measurement) and the spun films (nanolayers) were subject to
softbaking in a drying oven (air) at 80 °C for 2 h (see Figure 1d).
The dried MS precursor nanolayers that are coated on the ITO
glass substrate were calcined in air flow at 450 °C for 4 h at a
ramp rate of 1 °C/min to remove the organic templating surfac-
tant (see Figure 1e). After the calcination process, all samples
were stored immediately in a nitrogen-filled glovebox before
use for preventing any possible absorption of moisture. Inside
the nitrogen-filled glovebox the prepared MS nanolayers were
immersed in the chloroform solution containing 3 wt % TPD mol-
ecules (Tokyo Kansei Kogyo Co.) and remained for 8 h to give suf-
ficient time for the inclusion of TPD molecules into the meso-
channels (nanopores) of MS nanolayers (see Figure 1f). Finally, af-
ter taking out the substrates, the possibly adhered TPD mol-
ecules on the surface of the nanolayers were whisked off by spin-
ning them at 5000 rpm for 5 s under a nitrogen gas shower.
The thickness of resulting TPD-infiltrated mesoporous silica
(TIMS) nanolayers was 110 nm.

Device Fabrication. To make OLEDs, tris(8-hydroxyquinolinato)-
aluminum (Alq3, Tokyo Kansei Kogyo Co.) layers (thickness �
50, 70, and 100 nm) as an emission layer were thermally depos-
ited on top of the TIMS nanolayers in a vacuum of 5 � 10�6 Torr,
followed by depositing the aluminum (Al) electrode as a cath-
ode, defining the active pixel area of 0.04 cm2. For making com-
parison (control) OLEDs the pristine TPD layer with the same
thickness was used instead of the TIMS layer, while the thin TPD
device with the 50 nm thick TPD layer was made to check the re-
duction of turn-on voltage by decreasing the layer thickness. To
prove the clear role of TIMS nanolayer as the HITL, two kinds of
OLED were additionally fabricated: ITO/MS (110 nm)/Alq3 (70
nm)/Al and ITO/MS (110 nm)/TPD (50 nm)/Alq3 (70 nm)/Al. To
make the devices for hole mobility measurements, the Al elec-
trode was directly deposited on the differently made thick TIMS

films (thickness � 400 nm). The thickness of all films was cross-
checked using a surface profiler (�-step IQ, KLA, Tencor).

Nanomorphology and Nanostructure Investigation. The nanomor-
phology of pristine MS and TIMS nanolayers was investigated us-
ing transmission electron microscopy (TEM, 200 kV, JEOL JEM-
2010), scanning electron microscopy (SEM, 10 kV, JEOL KEVEX
Sigma), and atomic force microscopy (AFM, Nanoscope IIIa, Digi-
tal Instrument). The fine nanostructure of the MS films were mea-
sured using a reflection mode wide-angle X-ray diffraction
(WAXD, Rigaku Multiplex instrument) with Cu K� (	�0.15406
nm) radiation operated at 50 KV and 30 mA (1.5 KW). The long-
range (larger) nanostructure of MS nanolayers was measured
with small-angle X-ray scattering (SAXS) using a synchrotron ra-
diation source [Co�K� (	 � 1.608 Å); energy range � 4�16 keV;
energy resolution (
E /E) � 5 � 10�4; photon flux � 1010�1011

ph./s; beam size � �1 mm; Pohang Accelerator Laboratory, Ko-
rea] over the scan range of 0.0027 nm�1 � q (scattering vector)
� 2.7508 nm�1.

Optical, Pore Size, and Composition Characterization. The optical den-
sity spectra of samples were measured using a UV�visible spec-
trometer (Hitachi U-2010) while the photoluminescence spectra
were measured using a fluorescence spectrophotometer (Hitachi
F-4500). The pore size distribution of MS nanolayers was calcu-
lated using the Barrett�Joyner�Halenda (BJH) method21,22 af-
ter measuring the adsorption�desorption isotherms of nitrogen
at �196 °C using an adsorption analyzer (Qunatachrome Nova
4000e): All samples were outgassed at 150 °C for 12 h under
vacuum (�5 � 10�6 Torr) in the degassing port. The atomic con-
centration in the thickness direction of TIMS nanolayers was
measured by depth-profiling using a monochromatized X-ray
photoelectron spectrometer (XPS, ESCALAB 250 XPS spectrom-
eter, VG Scientifics) equipped with the X-ray radiation source of
Alk� (1486 eV).

Charge Mobility and Device Measurements. The hole mobility of
thick TIMS films (thickness � 400 nm) was measured using a spe-
cialized time-of-flight (TOF) measurement system equipped
with a digital storage oscilloscope (WaveRunner 6051A; LeCroy)
and a nitrogen-pumped dye laser (	 �337 nm; spectral band-
width � 0.1 nm; pulse width � �4 ns; Spectra-Physics Co.) by
controlling 50 � resistor. The current density�voltage�
luminance (J�V�L) characteristics and electroluminescence
(EL) spectra were measured using a custom measurement sys-
tem equipped with an electrometer (SMU 236, Keithley), photo-
multiplier tube (PMT) (Hamamatsu Photonics, Co.), and a candela
meter (PR 650, Photo Research Inc.).
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