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ABSTRACT Polymer light emitting field effect transistors are a

class of light emitting devices that reveal interesting device physics.

Device performance can be directly correlated to the most funda-
mental polymer science. Control over surface properties of the
transistor dielectric can dramatically change the polymer morphol-
ogy, introducing ordered phase. Electronic properties such as carrier
mobility and injection efficiency on the interface can be promoted by

ordered nanofibers in the polymer. Moreover, by controlling space
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charge in the polymer interface, the recombination zone can be spatially extended and thereby enhance the optical output.
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urrent density and recombination

C efficiency are the most critical param-
eters for achieving high perfor-
mance organic light emitting devices. Or-
ganic light emitting diodes (OLEDs) show
outstanding brightness because high cur-
rent density is injected into a well-designed
multilayer structure. For flat panel displays,
however, the high current density must be
driven by high mobility transistors made by
complex (and expensive) photolithography.
Light emitting field-effect transistors
(LEFETs) combine the advantages of light
emitting diodes and field-effect transistors
(FETs). LEFETs provide promising bright-
ness' 3 and efficiency* 8 and can be made
by using relatively simple fabrication pro-
cesses. Though LEFETSs offer significant ben-
efits, they currently suffer from low carrier
mobility in the FET transport channel, result-
ing in low current density for light emission.
Moreover, because hole transport is dominant
in most semiconducting polymers, the recom-
bination efficiency is limited. The unbalanced
transport can in principle be solved by utiliz-
ing ambipolar light emitting polymers,
However, their mobilities are relatively low
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(typically 1073 to 0.11 cm?/(V s)), and there
are relatively few candidate materials.”~">
The light intensities obtained from red—
green—blue (RGB) LEFETs are limited.
Therefore, a device architecture that can
universally offer basic RGB colors with
high brightness would represent impor-
tant progress.

Although different device geometries
and molecules have been surveyed,'*~2%
only the bilayer architecture has demon-
strated RGB emission®” with promising bright-
ness. The device architecture is shown in
Figure 1 along with the molecular structures
of the hole-transporting polymer poly(3,6-di-
alkylthieno[3,2-b]thiophene-co-bithiophene)
(PATBT), the light emitting polymer Super
Yellow (SY), and the interlayer comprising
the hole blocking/electron injecting con-
jugated polymer electrolyte (CPE). A photo
showing the operating LEFET is also in-
cluded in Figure 1.

In the bilayer LEFET, we expect that im-
proved order of the polymer in the hole-
transport layer should improve the mobility
(current density) and hence increase the
overall brightness. Ordered morphologies
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Figure 1. (a) Photo of the operating device; (b) schematic of the device architecture; (c) molecular structures of PFN*Bim, "~

CPE, Super Yellow, and PATBT.

can be achieved by various methods, the enhance-
ment from reported works such as e-beam lithography,
contact imprinting, electrospinning,®' 3¢ and flow
coating®  was interpreted in terms of mor-
phology,®” optical properties,*>~3° and short-term order*®
instead of electronic mobility enhanced by long-term
order.® % Moreover, e-beam lithography and con-
tact printing are both demanding on expertise and
facilities.

We demonstrate that the brightness can be increased
from about 2000 cd/m? to over 9000 cd/m? by improving
the hole-mobility from 0.03 to >0.5 cm?/(V's) through the
use of a nanostructured SiO, dielectric interface. The
nanostructured interface is formed by directional rubbing
of the gate dielectric with diamond lapping film, forming
few-to-tens angstrom deep and few-to-tens nanometer
wide grooves that extend from hundreds-of-nanometers
to micrometers in length with nearly arbitrary density. For
the polymer PATBT, we find that the mobility is aniso-
tropic in spin-cast films and is improved in the direc-
tion parallel to the scratches as compared to the flat
substrates.

In these highly unbalanced transport conditions,
space charge effects would be expected to play an
important role in both electronic and optoelectronic
aspects of device operation. By controlling where the
space charges accumulate, the low recombination can
be turned into an advantage. A high density of holes
can directly benefit the emission intensity. By inser-
tion of a hole blocking/electron injecting interlayer
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Figure 2. (a) Transfer and (b) output characteristics of bilayer
LEFETs with correlated photoresponse. The inset in panel a
shows the EL spectrum with peak at 570 nm.

between the luminescent polymer and the metal con-
tacts, the hole density can be enhanced. We find that
this high hole density functions to spatially extend
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Figure 3. (a) Energy diagram of the different layers; (b)
correlation between the EL zone width and current density
obtained from output characteristic of Vg = —150, —120,
—90, and —60 V for devices with different CPE concentra-
tion; (c) operating photos obtained at different Vg of the
device with 0.05 wt % CPE.

the recombination zone so that more photons are
emitted, enabling the demonstration of high brightness
(~9500 cd/m?).

In this paper, we will first address the improved
device parameters, such as brightness and electron
injection from the textured substrate and CPE in Re-
sults and Discussion. We will then explore the core
enhancement of the bilayer architecture, the mor-
phological control of PATBT, including formation
mechanism, optical and electronic anisotropy, and
electrical characterization. It will be shown that the
PATBT films with long-term order can improve both
hole transport on the gate dielectric and the hole
injection between PATBT and SY.The two aspects are
discussed separately in the sections of Morphology
of PATBT and Interfacial Improvement Driven by
Thermal Annealing.
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Figure 4. (a) Emitting brightness and (b) external quantum
efficiency corresponding to the transfer /—V characteristics
with different CPE concentrations.

RESULTS AND DISCUSSION

At high current densities, holes are the major carrier
species. Because unbalanced charge transport between
electrons and holes results in low emission efficiency, an
interlayer between the metal contacts and the SY emit-
ting layer that can inject electrons and block holes is
required. The lowest unoccupied molecular orbital
(LUMO) of the interlayer needs to match the LUMO of
the SY for electron injection. Alternatively, the highest
occupied molecular orbital (HOMO) of the interlayer
should create an injection barrier to block the hole
injection from the bottom PATBT. The conjugated
polyelectrolyte (CPE) poly[9',9-bis[6'(N,N,N-trimethyl-
ammonium)hexyl]florene-alt-co-1,4-phenylene]  with
tetrakis(imidazoly)borate as the counterion (PFN*BIm,")
was proven to inject both electrons and holes at diluted
concentration (0.02 wt %) and increased the turn-on
threshold at high concentration (>0.2 wt %).2”>%*° There-
fore, the interlayer shown in Figure 1 comprising dilute
CPE can partially block holes without sacrificing current.

The LEFETs were fabricated on the structured sub-
strates. Figure 2 panels a and b demonstrate the transfer
and output characteristics of the LEFETs with 0.05 wt %
CPE as well as the photoresponse correlated to the |-V
profiles. Vs was swept from —150to 0V and Vs was biased
at —150 V in the transfer characteristic. For the output
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Figure 5. (a) AFM images of PATBT films. The films were prepared by spin coating various solution concentrations on the
scratched substrates. (b) The statistics of the terrace step heights for 0.5 wt % films before and after annealing. The top graph
of each shows the histogram of step heights (red) and the fitting which locates the dominant modes of the distribution (blue).
The bottom shows the fitting separated into the individual Gaussian modes.

characteristic, Vs was always swept from 0 to — 150 V while
Vi was biased from 0 to —150 V at —30 V intervals. The
average mobility extracted from the transfer characteristic
between —100 and —150 V is 0.30 cm?/(V s). In the high-
voltage operating regime, —140 to —150 V, the highest
mobilities (047 and 0.52 cm?/(V s) in the output and
transfer characteristics) were observed.

Brightness increases with current density up to a
maximum of 9493 cd/m? at Ips = 421 uA. Since the CPE
film was spin-cast from a dilute solution, the resulting
films were not continuous, and Au can inject holes into
SY from the source electrode with no barrier as shown in
the energy diagram of Figure 3a. Hence, the large thresh-
old voltage (V4), —50V, results from the injection barrier
created from the mismatched HOMO levels between SY/
PATBT instead of PATBT/SY/CPE/Au. Once holes over-
come the barrier at the SY/PATBT interface, PATBT can
transport the high mobility holes and inject them into the
SY. Then the CPE layer with deeper HOMO partially blocks
holes awaiting the arrival of injected electrons with which
to recombine.® Because holes are accumulating, their
density increases and extends spatially as seen in
Figure 3c. The EL zone widths and source—drain currents
(Ips) shown in Figure 3b were obtained from the output
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characteristics of Vg = —60, —90, —120, and —150 V and
Vps = —150 V. In Figure 3b, a clear positive correlation
between the width of the luminescent zone and the
current density is demonstrated; the wider the width of
the emission zone, the higher the current density.
Influence of CPE Concentration. This effect is optimum
for CPE solutions (in methanol) with concentrations higher
than 0.0125 wt %. Therefore, concentrated CPE indeed
blocks more holes and extends the width of the EL zone. In
Figure 4 panels a and b, increasing CPE concentrations
from 0.012, 0.025, to 0.05 wt % shows positive enhance-
ment in both brightness and EQE. Therefore, the unba-
lanced transport with high hole density can perform better
at high hole accumulation densities. Efficiency and bright-
ness decrease after the CPE concentration increases to 0.1
wt % because too many holes are blocked by the injection
barrier of the Au/CPE/SY interface at the source electrodes.
At lower CPE concentration, brightness always shows
higher values at large Vi (Ips). Outstanding brightness,
>5000 cd/m?, was achieved for CPE concentrations >0.012
wt %. The emitted light could be seen by the bare eye in
typical indoor lighting without using a microscope.
Morphology of PATBT. The nanostructure at the di-
electric interface, produced by unidirectional lapping,
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Figure 6. (a) FET performance obtained from the devices on
the flat and scratched substrates; (b) the electronic anisot-
ropy shown by mobility values between parallel (0 deg) and
perpendicular (90 deg) to the grooves is consistent with the
optical anisotropy in Supporting Information, Figure S2.

has a profound effect on the morphology and trans-
port properties of the PATBT layer. It is instructive to
examine the surface morphology as a function of the
solution concentration (Figure 5a) on the scratched and
passivated substrates. At a concentration of 0.05 wt %, the
polymer forms small aggregates on the scratched sub-
strate that cover only a small fraction of the substrate. The
island-like aggregates have lateral dimensions of 30 to
35 nm and a height distribution between 5 and 7 nm. In
addition, they are located almost exclusively along the
scratches instead of dispersed randomly across the sub-
strate, demonstrating the strong effect of the nanostructure
on the self-assembly. The scratches themselves are typically
less than a few nanometers deep, ~50 nm wide after
passivation; however, they are difficult to characterize
accurately as the dimensions are often comparable to the
AFM tip. We postulate that the edges may template the
1D nucleation and growth of the polymer aggregates.

Increasing the polymer concentration to 0.25 wt %
results in a nearly continuous thin film with terrace-like
morphology. The shape of the terraces shows some
anisotropy, elongated along the scratch direction, but
this is difficult to quantify. A statistical analysis of the
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terrace step heights (described in the Supporting In-
formation and displayed in Figure 5b) shows the peak
of the distribution to be 2.1 nm. This is in excellent
agreement with specular X-ray diffraction (XRD) measure-
ments (Supporting Information, Figure S1), which show
the out-of-plane d-spacing to be 2.2 nm. This implies that
each individual layer of the terraces is a well-defined
molecular monolayer. Furthermore, the d-spacings from
Figure S1 suggest that the polymer adopts an “edge-on”
orientation where the backbones are parallel to the
substrate and s-stacked in-plane, similarly to the well-
known polymer PBTTT,*” which differs from this molecule
only in the location of the solubilizing side-chains.

The highest transistor mobility is observed at a
polymer concentration of 0.5 wt % without thermal
annealing. Even though the PATBT films form more
ordered polymer ribbons after thermal annealing, the
mobility is slowly decreased from ~1 cm?/(V s) at room
temperature to ~0.5 cm?/(V s) after 200 °C annealing
(same as annealed bilayer LEFETs), implying ribbon
boundaries may play a certain role in transport. As the
film gets thicker, a loss of the terrace structure and any
discernible orientational order from the substrate is
observed. Instead, a nodule-like structure with a length
scale similar to the polymer aggregates is demon-
strated. The transistor performance on the scratched
substrate is anisotropic and is significantly improved in
the preferential transport direction as compared to the
flat substrate. Parallel to the scratches, the mobility is a
factor 4 higher on average with a maximum enhance-
ment of factor 10 (Figure 6a). The ratio of the mobility
parallel and perpendicular to the scratch direction
varies from 3 to 10, indicating clear electronic anisot-
ropy originally achieved by the as-cast films on the
s-SAM. Measurement of the optical absorption on the
as-cast film (Supporting Information, Figure S2) shows
consistent anisotropy likely from material near the
substrate. Thermal annealing at 200 °C changes the
surface topography considerably; restoring an oriented
phase at the top surface aligned with the scratched
substrate. The optical anisotropy at 200 °C in Supporting
Information, Figure S2 and the annealed topography in
Figure 5a suggest the order at the structured substrate
can propagate all the way to the top of the film upon
thermal annealing, showing that the surface structures
on the passivated dielectric can actually guide the
polymer chains, forming long-term ordered ribbons.

Interfacial Improvement Driven by Thermal Annealing. A
postannealing step after metal deposition causes a
major improvement in the emission efficiency. Because
PATBT is easily crystallized® it tends to become more
ordered after thermal annealing (see XRD in Supporting
Information, Figure S1). The crystallization process actually
cures the partially mixed PATBT/SY from the second coat-
ing, and creates a better interface with SY. The enhance-
ment on the optical output is obtained by the interface
with less traps providing efficient hole injection. As shown
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Figure 7. AFM images of the bottom PATBT layer on a flat substrate (a) as-cast and (b) after 200 °C annealing; (c) AFM images
of the bottom PATBT layer on the structured substrate as-cast and (d) after annealing at 200 °C.

in Figure 7, after heating, PATBT formed fibers that are
easily observed on the structured substrate. Figure 7a and
Figure 7b are AFM images of the bottom PATBT films on
flat SiO, as-cast and annealed at 200 °C. Films were lifted
from SiO, substrates and transferred to another flat silicon
substrate, bottom side up for topographic study. Figure 7c
and Figure 7d show the morphology of the bottom PATBT
as-cast and after 200 °C annealing on the structured SiO-.
Following introduction of grooves on the substrate, fibers
grew after 100 °C soft baking on the structured substrates,
whereas fibers were not observed on the nonstructured
substrate. Wider bundles of PATBT on the structured
dielectric can be observed in both Figure 7 panels c and
d (compared with Figure 7b). Therefore, structured sub-
strates can produce order leading to higher mobility and
thereby benefit the strength of the light emission.

METHODS

Transistor Fabrication. SiO, (200 nm) on heavily doped silicon
substrate was structured with a lapping sheet with 100 nm
diamond particles.?® Silicon wafers were purchased from Silicon
Quest and lapping sheets were obtained from Allied High Tech

HSU ET AL.

CONCLUSIONS

The physical structure between the transistors and
the passivated dielectric provides energetic prefer-
ence on the surface, guides semiconducting poly-
mers and forms ordered polymer fibers. Order in the
PATBT raises carrier mobility and injects more holes into
the luminescent SY layer. More holes accumulate be-
cause of the energy barrier introduced by the CPE at the
drain electrode, therefore, holes distribute into a wider
region in SY. While the current density increases, the
recombination zone width simultaneously increases
and emits more photons. To improve the efficiency,
asymmetric contacts are foreseen as a next step. We
expect that still higher brightness and efficiency
should be achievable from bilayer LEFETs with asym-
metric contacts.

Product Inc. Structured substrates were sonicated to clean the
debris after scratching with the lapping sheet and then were
passivated by decyl(trichlorosilane) (DTS) using the thermal
immersion method, (80 °C for more than 20 min). DTS was pur-
chased from Gelest Inc. PATBT purchased from Merck Chemicals
Ltd. (EMD Chemicals) was dissolved in chlorobenzene at a
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concentration of 0.5 wt %. The solutions must be heated over
80 °C before spin-casting at 5000 rpm for 40 s. The films were
soft baked at 100 °C to dry and densify the films in order to resist
the spin-casting of the second layer. A 0.6 wt % SY solution in
toluene was then spin-cast at 1000 rpm for 50 s, and the bilayer
films were baked at 120 °C for 10 min. To successfully fabricate a
bilayer LEFET, high mobility and solvent resistance are critical
considerations. The solvent resistance is essential to avoid
interlayer mixing into the SY emitting layer. Therefore, a highly
crystalline polymer that maintains excellent electronic proper-
ties after spin-casting the SY emitting layer is required. PATBT
was therefore chosen as the bottom layer (closest to the gate
dielectric). By using toluene (a very poor solvent for PATBT) for
casting the SY layer, the crystallized PATBT remains stable on
the dielectric interface. Devices were postannealed for 5 min at
200 °C before testing.

Device Characterization. All /—V data were collected by Keithley
4200. The emissive light was collected by a calibrated Hama-
masu photomultiplier. The external quantum efficiency (EQE)
was calculated from the brightness, the drain current, and the
emission spectrum of the device.! Postannealing and testing
were all proceeded inside a glovebox with the oxygen level at
less than 2 ppm oxygen. Specular XRD and grazing incidence XRD
were performed on a Rigaku SmartLab diffraction system with a Cu
Ko source, with specular measuring out-of-plane alignment and
grazing incidence measuring in-plane alignment.
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