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ABSTRACT: Improved performance of multilayer heterostruc-
ture organic light-emitting transistors (OLETs) was observed in
brightness and external quantum efficiency (EQE) by inserting
an ultrathin MoO,, layer and TPBI buffer layer. With in-plane
emission mainly beneath the drain electrode with a maximum
width of 120 um, an EQE of 0.16% at a brightness of 238 cd/m?
was obtained. Different sizes of pixeled OLET's were fabricated
by restricting the pixel length by narrowing the width of the gate
electrode perpendicular to the source/drain electrodes. Light
emission pixels with sizes from 25 to 400 pm have been
successfully demonstrated. The maximum width of the emission
zone was not affected, and the maximum EQE and the
corresponding brightness presented an increasing tendency for
pixeled OLETs. The results in our work are helpful for

developing a new generation of OLET-based display technology.

1. INTRODUCTION

Organic light-emitting transistors (OLETS) are a novel class of
multifunctional optoelectronic devices that combine the light
emission function of an organic light-emittinzg diode (OLED)
with the switching function of a transistor.”” This multifunc-
tional property ensures their wide application such as in flat-
panel displays and optical communication systems, because a
much simpler fabrication process and high level of integration
can be achieved.”™ Generally, for OLET-based display
technology, the OLETs should have a spatially stable light
emission area and a tunable width between 20 and 400 ym to
achieve a favorable aperture ratio in the pixel. Meanwhile, a
high external quantum efficiency (EQE) at high brightness, and
a large on/off ratio (>100) are also prerequisites for OLET
displays.”

High EQE can be obtained in the ambipolar single-layer
OLETSs because of the balanced concentration of holes and
electrons.®™ "' However, the width of the light emission zone is
significantly limited because both holes and electrons would
accumulate in the same organic/dielectric interface.'””"
Multilayer OLETs,"”~** especially the trilayer structure
consisting of a p-channel/emitter/n-channel heterostruc-
ture,””*>*® can allow carrier transport in different active layers
along the channel under appropriate bias voltages, thus
providing a wider emission width compared with the single-
layer OLETS. Toffanin et al. observed full channel illumination
in trilayer OLETs based on small molecular semiconductors.*®
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Kajii et al. also achieved in-plane channel emission in bilayer
OLETs utilizing two polymers.'””” Though their studies
present promising applications for flat-panel displays in terms
of plane illumination, the limited on/off ratios (<10) are far
from sufficient, and the voltage dependence of the light-
emitting location is also inconvenient for pixeled emission,
which requires a spatially stable light emission area. Mujeeb et
al. realized intensive light emission located in the source/drain
(S/D) electrodes by implementing nonplanar asymmetric
electrodes.”” The high EQE at high brightness as well as the
large on/off ratio manifest that heterostructure OLETs with
unipolar characteristics can not only obtain in-plane light
emission but also provide a spatially stable illumination area
with promising performance. Despite these important advances,
more related studies are worth continuing, especially for
molecular multilayer heterostructure OLET's because of their
high flexibility in material selection and great potential in
improving overall performance.

In this study, we present a multilayer OLET with enhanced
performance based on the use of a transition metal oxide,
MoO,, as the interface modification layer, and TPBI as the
buffer layer, as well as asymmetric electrodes to improve the
injection of electrons. The devices exhibit unipolar character-

Received: May 18, 2015
Revised:  August 5, 2015
Published: August 12, 2015

DOI: 10.1021/acs.jpcc.5b04708
J. Phys. Chem. C 2015, 119, 20237-20243


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b04708
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.5b04708&iName=master.img-000.jpg&w=232&h=134

The Journal of Physical Chemistry C

(a) (b)

h PTCDI-C13
Al u Al

TPBI
CBP:Ir(piq),acac

Pentacene
PVPIPS

T ) o N
A l N SN
Pentacene ~n 7
o o e
! W £ ol TPBI
PTCDI-C13
\ : ’!‘ O
N | I
. i 0=
2
CBP :
Ir(pig);acac

Figure 1. (a) Schematic of a typical OLET. (b) Molecular structures of the organic materials.
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Figure 2. (a) Transfer characteristics (Vg = —100 V) of devices A, B, and C. (b) The photocurrent and (c) the EQE corresponding to the transfer
characteristics. (d) The output characteristics of device A along with the corresponding brightness when Vg varies from 0 to —120 V.

istics. We observed a spatially stable in-plane light emission
location mainly underneath the electron injection electrode. We
further realized pixeled light emission with different sizes,
whose length is determined by the width of the gate electrode.
Our results suggest that multilayer OLETs with unipolar
characteristics are capable of realizing high-performance pixeled
light emission, which is promising for application in the next
generation of OLET-based display technology.

2. EXPERIMENTAL SECTION

The device architecture of a typical OLET, called device A, is
shown in Figure la. Simultaneously an OLET without MoO,,
(device B) and an OLET without TPBI (device C) were
fabricated as control devices to clarify the functions of MoO,,
and TPBI layers. The molecular structures of the materials used
in this study are shown in Figure 1b. Indium tin oxide (ITO)
on the glass substrate was used as the gate electrode to facilitate
light emission from the substrate side. The dielectric layer was
made up of 350 nm poly-4-vinylpenol (PVP) and 30 nm
polystyrene (PS), which was prepared by spin-coating in a
method reported elsewhere.”® Pentacene (15 nm), MoO, (0.25
nm), CBP:Ir(piq),acac (weight concentration of approximately
6%) (20 nm), and TPBI (14 nm) were successively thermal-
evaporated at rates of 0.2, 0.0S, 2, and 0.2 A/s, respectively. The
asymmetric source and drain electrodes were evaporated at a
deposition rate of 0.3 A/s by rotating the substrates at a fixed
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angle to control the channel length to be 120 ym and a channel
width 3 mm through a shadow mask, followed by the
deposition of PTCDI-C13 (P13, 30 nm) at a rate of 0.5 A/s.
All devices were encapsulated with UV glue in the glovebox
(H,0, O, < 0.1 ppm) prior to the performance test.

The electrical characteristics were evaluated by a Keithley
4200 SCS at room temperature under ambient air. The
photocurrent (I,,) was collected by a HAMAMATSU S1336
photodiode. The channel image was captured by an Olympus
BX51TRF CCD microscope with a 20X objective lens. The
electroluminescence (EL) spectra were acquired by an
AvaSpec-ULS2048L fiber spectrometer. The carrier mobilities
were calculated by the formula for the saturation regime: Ipg =
UC(W/2L)(Vgs — V)%, where p is the field-effect mobility, C;
is the gate dielectric capacitance density, Vr is the threshold
voltage, Vg is the gate-source voltage, and W and L are the
channel width and length, respectively. The EQE was calculated
as follows

EQE = Pot/Epn __BhwW) L,/K(A/W)
I/q I (A)Eph(eV) IDSEph(eV)
~ 1,5&
Ins W

where Py, K, Ep, Ly Ips, and g are the total emitted light
power, photosensitivity of the detector (0.3 A/W), average
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Table 1. Characteristics for Different OLETs: Average Values for at Least Five Devices

max width of

device/width of gate recombination zone

electrode (um max Iy, (nA) (um) max EQE (%)
A 300 + 6 120+ S 1.6 + 0.3 x 107!
B S+1 70+ S 14 + 0.1 X 1073
C 10 + 1 70 + 10 1.6 + 0.4 X 1072
400 60 + S 120+ S 28 +02x 107!
200 30+5 120+ 5 2.8 +02 X 107"
100 15+5 120+ 5 25+ 05x 107!
50 6+4 120+ S 2.0+ 0.5x 107!
25 3+1 120+ 5 12 +03 x 107!

max

recombination efficiency at  brightness
maximum EQE (%) (cd/m?) on/off ratio
1.6 + 0.3 200 £+ S 34 0.1 % 10?
14 + 0.1 X 1072 12+3 2 + 0.5 X 10" for electron,
1 + 0.1 X 10° for hole

1.6 + 0.4 x 107! 6+2 7 + 04 X 10?

2.8 +02 300+ 10 S5+1x10

28 +£02 300+ 10 2+ 1 x 10*

25+ 05 300+ 10 1+ 03 x 10

2.0+ 0.5 250 + 20 S+1x10°

12+ 03 200+ 10 3 +1Xx10°

photon energy, photon current, drain current, and electron
charge, respectively. The brightness was calculated by
comparing the photocurrent with a standard OLED of known
brightness (1000 cd/m”) and light-emission area (3 mm X 1
mm) with a structure of ITO/NPB (20 nm)/CBP:Ir(piq),acac
(20 nm)/TPBI (30 nm)/LiF (1 nm)/Al (100 nm).

3. RESULTS AND DISCUSSION

We first investigated the influence of MoO, and TPBI on the
device performance. The transfer characteristics of the three
devices are shown in Figure 2a. Device A exhibits a typical p-
type transistor characteristic, which is also demonstrated in its
output curve as shown in Figure 2d. The hole mobility is 0.58
cm?/(V s). The drain current (Ipg) decreases as the Vg
changes from —120 to 20 V, and tends to be stable with an
on/off ratio of approximately 300. Device B represents
ambipolar characteristics with a hole current lower by
approximate 1 order of magnitude compared with that of
device A. The output characteristic of device B is shown in
Figure S1 (in the Supporting Information). The hole and
electron mobilities are 0.08 and 0.012 cm?/(V s), respectively.
Device C exhibits similar electrical characteristics to device A,
but with higher hole mobility (1.9 cm?/(V s)), hole current,
and on/off ratio (see Table 1). In comparing device A with
device B, it is notable that the extremely thin MoO,, layer can
increase the hole current clearly, and change the polarity of the
device from bipolarity to unipolarity. The decrease in hole
current of device A compared with that of device C was due to
the higher value of the highest occupied molecular orbital
(HOMO) level of TPBI (6.7 eV), which blocks the holes.
Because the high gate leakage current may also lead to light
emission, we plotted the gate leakage current (Igg) vs Vg in
Figure 2a. Fortunately, there seems to be no relationship
between Igg and I, because device B has the largest I but the
smallest I;. The position of the emission zone fixed at the
electrode (analyzed below) would probably be more evidence
to rule out the leakage current as a possible origin for the light
emission, because the leakage current would spread over the
entire channel, which would result in light emission in the
channel. Hence, the effect of the gate leakage current in our
research can be neglected. The I, and EQE corresponding to
the transfer curves are shown in Figure 2b,c, respectively. All
the devices obtain their own maximum I, under the voltage
bias of Vg = —120 V, Vg = —100 V, where holes dominate.
For device A, the maximum I, is up to 300 nA along with a
maximum EQE of 0.16%, and the EQE tends to be saturated
when Vg changes from —40 to —120 V. For device B, the
maximum I, is only § nA, which is much smaller than that of
device A. Although device B exhibits bipolar transport

characteristics, an extremely weak I, less than 1 nA is detected
in the electron dominated region, i.e., Vg from —30 to 20 V.
The EQE as a function of Vg does not exhibit the feature of
typical ambipolar OLETs where EQE is a maximum in the
carrier-balanced region.”” " The phenomenon in which EL
occurs in correspondence to the hole transportation and is
proportional to the hole current is similar to that of bilayer
heterostructure OLETs,*> which indicates that the EL
characteristics are probably related to the charge transport in
the layer directly in contact with the dielectric layer. Hence, in
our devices, hole transport finally determined the EL
characteristics. Therefore, it is crucial for the thin MoO,, layer
to improve the hole current and the EL intensity.

Regarding device C, the maximum I}, is 10 nA. However, the
EQE is 2 orders of magnitude lower compared with that of
device A, and 1 order of magnitude lower than that of device B.
We plot the relationship between EQE and current densities in
Figure S2. The EQE values for all the devices did not show any
decrease at higher current densities. There are several reasons
for the low I;, and EQE: (a) Stronger exciton quenching results
from the electron-injection electrode because of the direct
contact between the emission layer and the electrode without a
TPBI buffer layer; (b) the large barrier between PTCDI-C13
and CBP restricts the transportation of electrons from the
lowest unoccupied molecular orbital (LUMO) level of PTCDI-
C13 to that of CBP; (c) higher hole current leads to intensive
charge—exciton interaction without the hole-blocking layer of
TPBI.

Although we have shown significant improvement for the
EQE by incorporating both MoO,, and TPB], it is still much
lower compared with the corresponding OLED in the
literature. We believe that this is mainly due to the unbalanced
carrier injection and transportation because the emission zone
is mainly underneath the electrode, which would probably
induce metal—exciton quenching. Furthermore, the large
barrier (1.0 eV; see Figure 4a) between the hole transport
layer (pentacene) and emissive layer (CBP:Ir(piq),acac) blocks
the hole injection from pentacene to CBP, which would result
in less efficient exciton formation.

Figure 2d presents the output characteristics of device A
along with the corresponding brightness. We did not show the
brightness corresponding to the transfer characteristics as the
illumination area changed significantly when various V5 were
applied to the devices at fixed Vi, which is discussed in more
detail below. Both the drain current and brightness depend on
the bias voltages. For each fixed Vg, the I and brightness
become saturated at high Vs The maximum brightness is
approximately 238 cd/m”.

The efficiency of light emission can be calculated as®

DOI: 10.1021/acs.jpcc.5b04708
J. Phys. Chem. C 2015, 119, 20237—20243


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b04708/suppl_file/jp5b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b04708/suppl_file/jp5b04708_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b04708

The Journal of Physical Chemistry C

® i
Au i S

Au | Al 200 pm r
il 200pm

(c)1.0
So0s. V,,=0—-120 V
o f -20
E 0.6 step of -20 V
& 0.4l V,.=-100 V
g
E 0.2
0.0
500 600 700 800
Wavelength (nm)
(d)
1.0
Sos8 V,,=0—-100 V
A - step of -20 V
i V=120V
204 .
£ 0.2

800
Wavelength (nm)

600 700

Figure 3. (a) Optical microphotographs of the emission zone of device A under Vj,g = —100 V with Vi varying from 0 to —120 V at the step of —20
V from the top to the bottom. (b) Optical microphotographs of the emission area of device A under Vg = —120 V with Vg varying from 0 to —100
V at the step of —20 V from the top to the bottom. (c) EL spectra for device A corresponding to (a). (d) EL spectra for device A corresponding to
(b). Optical microphotographs of the emission area of device B (e) and device C (f) under Vg = —100 V and Vg = —120 V.
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Figure 4. (a) Energy schematic diagram for the devices. (b) Schematic representations of the carrier injection and transport.

(I)EQE =

D XD

out spin

X @pp X B, ()
where @, is the outcoupling efficiency determining the
fraction of generated light that can be measured outside the
device, @, is a factor to take account of spin statistics, @y, is
fluorescent quantum efficiency, and @4 is the recombination
efficiency. For our devices, ®,,, = 20%,”’ @, = 1 (for OLETs
with phosphorescent material as the emission layer®*), ®,; =
50%,” and @ is the calculated EQE; therefore, the
calculated recombination efficiency ®,,4 for device A is 1.6%,
which is approximately 100 times larger than that of the device
B and approximately 10 times that of the device C (see Table
1). The calculated @,y data in Table 1 provide reference
valuable for recombination efficiency, which would be lower
than the actual value when considering the factor that spin
statistic 1 is nearly impossible in real OLEDs. The large
differences in the efficiency of electron—hole capture eventually
result in the differences in EQE between the devices. Therefore,
both the MoO, and the TPBI make contributions to the
electron—hole capture. There are some important reasons to
interpret the contributions: (a) The MoO, increases the hole
current significantly, which is extremely important for the EL
characteristics. (b) The existence of a TPBI buffer layer avoids
direct contact between the emission layer and electrodes, which
will abate the exciton—metal quenching effect. (c) The LUMO
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level of TPBI lying between that of the CBP and PTCDI-C13
facilitates charge percolation from the electron transport layer
to the emission layer; hence, the device structure promotes the
exciton formation. (d) The high LUMO level of TPBI plays a
role in blocking holes, and the exciton—charge quenching is
also simultaneously hindered to some extent.

In Figure 3a we show the optical microphotographs of the
emission area when the device A is biased at constant Vpg =
—100 V with Vg varying from 0 to —120 V at a step of =20 V.
We profiled the emission intensity across the transistor channel
and partial electrodes to obtain the emission zone width (full
width at half-maximum (fwhm)) at Vg = —100 V with
different Vg values (see Figure S3). It is obvious that the light
emission is located mainly underneath the electron injection
electrode. With the Vi increasing negatively, not only does the
brightness enhance gradually but also the emission area extends
progressively. The emission zone mainly extends beneath the
electrode. Simultaneously, an extremely narrow extension, less
than 10 ym, was observed in the channel. The emission zone
reaches its largest size (approximately 120 ym) at Vg = —120
V. We also investigated the light emission area of devices B and
C, for which the microphotographs are shown in Figure 3e,f, at
Vs 120 V and Vpg = —100 V. The widths underneath the
drain electrode are approximately 70 um for device B and
approximately 75 pm for device C, respectively. The extension
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in the channel is approximately 10 um for both devices. This
phenomenon indicates that MoO, and TPBI play a
collaborative role in extending the light emission zone.

The optical microphotographs of the emission zone are
shown in Figure 3b, when the device A is biased at constant Vg
—120 V with Vpg varying from 0 to —100 V at a step of —20
V. In contrast to the extension that varies from 0 to 120 ym
when Vg changes from 0 to —120 V at a certain definite Vpq,
the emission zone extends in a smaller region from 90 to 120
um when Vpg changes from 0 to —100 V at a certain definite
Vgs. The light intensity is enhanced significantly as the Vpg
negatively increases, which is similar to that when changing V.
Because the emission zone highlights the charge carrier
recombination zone, the features observed indicate that the
influence of Vg on the carrier distribution is much stronger
than that of Vpy.

EL spectra for device A are shown in Figure 3¢,d. It can be
seen that the positions of the main peaks and the profile of the
EL spectra are nearly identical to that of CBP:Ir(piq),acac
reported elsewhere,”**” which suggests the same excitations
independent of the bias voltages.

To better understand the operating mechanism, we depict
the energy schematic diagram and schematic representations of
the carrier injection and transport in Figure 4. Here, we assume
that there are charges generated in the MoO, layer, because
spontaneous electron transfer can occur in a vacuum-deposited
MoO, layer from various defect states to the conduction band
via thermal diffusion.”® When the devices are operating in the
hole accumulation mode (Vs < 0), the holes are injected from
the Au/source electrode via the HOMO levels of TPBI and
emission layers and transport subsequently in the pentacene
layer. Meanwhile, the MoO,, near the source electrode will bear
forward voltage bias in the vertical direction. Assisted by the
strong electrical field, the generated holes can be injected via
thermal diffusion from MoO,, to the HOMO level of pentacene.
The electrons generated by spontaneous transfer in MoO,, are
unlikely to inject into the LUMO level of CBP because of the
large barrier, as shown in Figure 4a, and may be captured by the
injected holes from the source electrode, and hence, the MoO,,
returns to the initial states, which can generate holes and
electrons. The total result shows that MoO,, facilitates the hole
injection by generating holes and electrons, which probably is
the main reason for the notable increase in the hole current.
The electrons are partially injected into PTCDI-C13 from the
edge of the Al/drain electrode and then to the TPBI buffer
layer, and partially injected to the TPBI layer directly because
of the low work function of the Al electrode, as shown in Figure
4b. To validate the electron injection from the electrode into
P13, we made two control devices with configurations of ITO/
PVP/PS/pentacene/MoO,/CBP:Ir(piq),acac/TPBI/P13/Au/
Al (control A) and ITO/PVP/PS/pentacene/MoO,/CBP:Ir-
(piq),acac/TPBI/Au/Al (control B). Figure S4 shows the
transfer curves together with the I, and EQE for control A and
control B. Both the electrical and optical performance of
control A decreased compared with those of device A, which is
probably due to the hole block function of P13 when it was
placed under the source and drain electrodes. The maximum
hole current of control B exhibits no apparent difference
compared with that of the standard device, whereas the
decrease of photocurrent and EQE indicates the reduction of
injected electrons. Therefore, we speculate that the electrons
can be injected into P13 when it is on top of the source and
drain electrodes. Excitons are generated from the charge
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percolation of holes moving across the channel and the injected
electrons into the emissive layers, which finally results in the
intense light emission beneath the drain electrode.

OLETs with different widths of the gate electrode (Wg)
based on the standard structure were fabricated to show their
potential application in OLET-based display technology. We
prepared two types of ITO arrays: one contains five 100 ym
ITO gate electrodes and the other consists of five different ITO
gate electrodes whose widths are 25, 50, 100, 200, and 400 pm.
The length of the light emission area is determined by Wg by
intersecting the S/D electrodes and the gate electrodes
perpendicularly (see Figure SS). Figure Sa shows a micro-

. . v 120
(e) —e— 400 pm
f V=100V "o "
10°%{- 190 _|
160 .:,E
10° é
30
1
-120 80 60 -30 0 30
0 V. (V)
E 3 T
0.31 i —-—zua:.:‘
'.‘. ......_ mn:;‘m
0.24 s
0.14
200 pm 0.0
-120 90 -60 -30 0 30
Vcsw]

Figure S. (a) Microphotographs of an OLET array with 100 ym Wg;
the pixels are lit one by one and lit together at Vipg = =100 V, Vg =
—120 V. (b) Microphotographs of an OLET array with different Wg
values (400, 200, 100, 50, and 25 xm from the top to the bottom). (c)
Transfer characteristics and the corresponding photocurrent. (d) EQE
of OLETs with different Wyg values.

photograph of the 100 ym 5 X 1 array at Vg = —100 V and
Vs = =120V, including lighting the five OLET separately and
together. It can be observed that the light emission area of each
pixel is about 100 X 120 ym?* (neglecting the emission beyond
the ITO area). The width of the emission zone is in accordance
with that of device A; other parameters can be found in Table
1.

Microphotographs of OLETs with different Wg values are
shown in Figure Sb at Vg = —100 V and Vg = —120 V. It is
obvious that the change of gate width brings negligible
influence on the location and extension of the emission. At
high drain current, the values of I,/ Wg remain almost identical
to each other. Figure Sc shows their transfer characteristics
along with the corresponding photocurrent. When the Iy starts
to increase sharply, the value of Vg increases negatively as Wg
decreases, which is probably caused by the larger resistance of
the narrower gate electrode; i.e., the total line resistance of the
25 pm gate electrode reaches more than 6 kQ. The increasing
gate electrode resistance results in a high threshold voltage and
low Iy in the same region (Vgg = —120 to 20 V), thus finally
leading to a small on/off ratio. The EQE as a function of Vg is
shown in Figure 5d. The EQE exhibits unsaturation, and the
maximum EQE for each device is larger than that of device A
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except for the device with a 25 ym gate electrode, which can be
attributed to the increased threshold voltage.

For OLET-based display technology, an important parameter
is the aperture ratio, a ratio between the illuminated and the
total area of a pixel. It is unfortunate that the ratios for different
Wy values we obtain from the definition were extremely low:
4.5% for 400 pm, 3.1% for 200 pum, 1.9% for 100 ym, 1.1% for
50 pm, and 0.60% for 25 um. However, this is mainly a result of
the preparation process we implemented. The aperture ratio
can be dramatically improved by decreasing the width of the S/
D electrodes (1.4 mm in total for our devices), the channel
length (120 ym in our devices), and the distance between the
neighboring gate electrodes (300 ym used to calculate the
aperture ratio). As shown in Figure Sb, another important issue
is the crosstalk between the neighboring pixels, which is
probably due to the total coverage of the active layer on the
substrate. Methods such as depositing the active layer via a well-
designed shadow mask and introducing isolation made of
insulators®*’ can reduce the crosstalk to some extent.

4. CONCLUSIONS

The EL performance of multilayer heterostructure OLETs was
enhanced via effective interfacial modifications. We have
observed spatially stable in-plane emission mainly beneath the
electron injection electrode, and the extensions of the light
emission region can be tuned by the bias voltage with the
maximum width of 120 um. An EQE of 0.16% at 238 cd/m”
was obtained in our typical OLETs. Further, we have
demonstrated light emission pixels with different sizes from
25 to 400 pm by means of limiting the width of the gate
electrode, which determines the length of the illumination area
eventually. The emission zone locations are also spatially stable,
and the maximum widths remain identical to the typical device.
The EQE as well as brightness exhibit an increasing tendency as
the gate electrodes become narrow. Though the performance of
our pixeled OLETSs remains to be improved, the multilayer
heterostructure unipolar OLETs with spatially stable in-plane
light-emitting characteristics are anticipated to be useful for the
next generation of OLET-based display technology.
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