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Abstract:

Organic light emitting field effect transistors (LEFETS) integrate light-emission of a diode with
logic functions of a transistor into a single device architecture. This integration has the potential
to provide simplified displays at low costs and access to injection lasing. However, the charge
carrier mobility in LEFETS is a limiting factor in realising high current densities along with a
trade-off between brightness and efficiency. Herein, we present a technique controlling the
nanoscale morphology of semiconducting polymers using nanoscale grooved substrates and
dip coating deposition to achieve high current density. We then applied this approach to
heterostructure LEFETs and demonstrated brightness exceeding 29,000 cd m at an EQE of
0.4% for a yellow emitter and 9,600 cd m at EQE of 0.7% for a blue emitter. These results
represent a significant advancement in organic optoelectronics and are an important milestone

towards realisation of new applications in displays and electrically pumped lasing.
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1. Introduction

Organic light emitting field effect transistors (LEFETs) have been attracting significant
attention as they integrate light-emission of an organic light emitting diode (OLED) with logic
functions of an organic field effect transistor (OFET) in one single device.l 8 This integration
provides access to low cost and simplified display pixels as it removes the requirement of
separate high mobility-driving transistors.*®1° An LEFET structure also has the potential to be
applied in electrically pumped lasing due to low optical losses (generally associated with
detached electrodes) and the capability to achieve high current densities - hence a high
brightness required by the lasing threshold.!* ¢ Over the past decade, significant progress has
been made to simultaneously improve the external quantum efficiency (EQE), current density,
brightness and mobility of LEFETs.}"° Despite tremendous progress, to date the mobility and
brightness achieved in polymer based LEFETS remain low.

To advance this field towards electrically pumped lasing, two major obstacles have to
be overcome: i) realisation of high current density/mobility, low optical losses and
development of robust charge transporting semiconducting materials, and ii) achieving high
brightness combined with high EQE. For more than a decade significant efforts have been
directed towards the quest for high mobility charge transporting semiconducting polymers.
However, nt-conjugated polymers tend to form disordered structures due to a high degree of
conformational freedom. This disorder potentially impedes the charge transport and reduces
the mobility. One effective way to reduce disorder is to align the semiconducting polymer
chains. This can be achieved via directional solidification and thermal/solvent annealing during
the film formation process.'® 2% Recently, Heeger et al., achieved OFET hole mobilities as high
as 47 cm? V1 st in macroscopically aligned semiconducting polymers.?! Similar polymers in
LEFETSs were also reported by the same group, albeit with a low current density and mobility
(0.5cm?Vvigh 1o

Here, we show a simple and powerful strategy to align a semiconducting polymer and
demonstrate its effectiveness in bilayer LEFETs with a record-breaking brightness exceeding
29,000 cd m at an EQE of 0.4% for a yellow emitter and 9,600 cd m at EQE of 0.7% for a
blue emitter. These devices outperform the best LEFETS reported in literature to date. The
LEFETs comprise of a highly aligned hole transporting diketopyrrolopyrrole based copolymer
(DPP-DTT)?* in conjunction with a light-emitting polymer, Super Yellow (SY), or a light
emitting small molecule, 9-(9-phenylcarbazole-3-yl)-10-(naphthalene-1-yl)anthracene

(PCAN). We align DPP-DTT into highly oriented chains using nano-grooved substrates and



solvent dip coating. A large anisotropy in the mobility values along the parallel and
perpendicular direction of the DPP-DTT polymer chain was observed - along the DPP-DTT

polymer chains, the mobility is significantly higher than perpendicular to the grooves.

2. Device Fabrication

The uniaxial nano-grooves on a substrate were fabricated by scratching the 600 nm
thick SiNx/SiO> dielectric surface using a diamond lapping film with nanoparticle diameters
of 100 nm.2%2123 The grooved substrates were then thoroughly cleaned (see methods section)
and treated with decyltrichlorosilane (DTS). A solution of DPP-DTT (Mw = 349,000 g mol?,
PDI = 2.8) in chloroform (99.9%, anhydrous) with a concentration of 1 mg mL™ was prepared,
sealed in a pressure tube, stirred on a hotplate (120 °C) for 2 hours and then kept at room
temperature for at least 7 days to completely dissolve the polymer. The grooved substrates were
vertically submerged into the hot polymer solution for 20 s and then gently removed at a rate
of 0.2 mm s to form a wet film. The coating procedure was performed under ambient
atmosphere (air) to allow for slow evaporation of the solvent at the substrate’s surface,
providing enough time for the individual polymer chains to reorganise and orient themselves
along the grove direction. It is important to note that prior to the dip-coating procedure,
complete solubilising of individual polymer chains in the solvent is essential to achieve the
best results. Full details of the fabrication and testing protocols and chemical structures of

materials are presented in the methods section and Figures S2 and S3.
3. Results and Discussion
3.1 Morphology

Figures 1a and 1b show high-resolution atomic force microscopy (AFM) images of the
scratched and control (unscratched) substrates. The scratched substrates exhibited an array of
grooves of several microns in length, ~5 nm in depth and ~100 nm in width. For the control
substrates, we observed a root-mean-square (RMS) surface roughness of ~0.2 nm. Figures 1c
and 1d show the topography of DPP-DTT films on the scratched and control substrates,
respectively. On the former, well-aligned and highly dense formation of nanofibers is observed;
whereas on the control substrate, the topography is generally disordered and with clusters of
nanofibers in some areas. To further probe the film morphology, we performed X-ray

diffraction (XRD) on the polymer on scratched and control substrates. The polymer film on the



control substrate did not show any diffraction peaks, indicating a strong disorder, which is in
good agreement with the AFM images (see Figures 1le and 1f). For the scratched sample, the
DPP-DTT film showed a strong diffraction peak at 20 =~ 4°, corresponding to an interlayer
spacing of ~21.7 A. This is close to the alkyl side-chain packing (100) of the crystalline
lamellae formed via intermolecular end-to-end interactions. A =-rt stacking diffraction peak

was not observed with our experimental set-up.
3.2 Current Voltage Characteristics

Figure 2 shows the device structure and electrical characteristics of OFETs. Under p-
type voltage bias, the devices demonstrate linear and saturation regimes with current ON/OFF
ratios of >10°. On a flat surface, we found an isotropic drain current in contrast to the highly
anisotropic behaviour on the grooved substrates. The drain current along parallel to the grove
is at least >10 times higher than in perpendicular direction (see Figure 2). This can be explained
by a parallel long-range alignment of the DPP-DTT polymer chains along the nano-grooves.
Such configuration governs charge transport due to charge delocalisation along the m-
conjugated polymer backbone. Here the charges move freely along the polymer backbone with
just occasional ‘hopping’ between adjacent polymer chains on their journey through the
transistor channel 222123 |n contrast, charges travelling perpendicular to the polymer backbone
have to hop more frequently between adjacent polymer chains resulting in a reduced drain

current.

3.3 Mobility Extraction
The saturation charge carrier mobility (i) and threshold voltage (VH) were calculated

from the transfer characteristics of the devices in the saturation regime using
_Wwa

Ips = By (Vos = Vrn)* (1)
where Ips is the measured source drain current, Ves the corresponding gate voltage, W/L the
width-to-length ratio of the device channel and C; the capacitance of the SiO2/SiNx dielectric.
The measured gate capacitances were 5.2 and 5.6 nF cm for flat and nano-grooved substrates,

respectively (see Figure S4, Supplementary Information).

Next, we focussed on mobility extraction for control and nano-grooved substrates. We
observed “two slopes” in plot of SQRT(Ips) versus Ves (see Figure 3) for all devices. The
slopes of fitting SQRT(Ips) versus Vgs data provide the high and low mobility values when
evaluated from equation 1. The nano-grooved devices yield mobilities of 11+3 cm? V1 s? at



Ves = 0 to -70V; and 5+2 cm? V1s? at Vgs > -70 V. We have analysed data from at least 50
samples and found “two slopes” at low and high gate voltage regions, leading to an average
mobilities of 5 cm? Vst and 13 cm? Vst at low and high gate voltages, respectively.
Similarly, a two slopes behaviour was also observed in samples with flat surfaces obtaining a

mobility of 0.8+0.4 cm? Vst at lower Vgs and a mobility of 2+1 cm? V1s? at higher Ves.

The origin of double slopes will be discussed in next section. Double slopes invalidate
the MOSFET equation and lead to overestimation of mobilities. This can set an erroneous
benchmark for device design. To assess critically the extracted mobility in our transistors, we

calculated the “reliability factor”, r, and effective mobility (u r u) of our devices as

eff

suggested by Podzorov et al.?® The reliability factor r simply equals to the squared ratio of the
slope of an electrically equivalent FET to the slope actually used to calculate the claimed
mobility («). The reliability factor in both aligned and control samples were calculated for
lower and higher slopes (see Sl for details). The results are summarized in Table 1. The aligned
sample exhibit an effective mobility of 9.4 cm? V1 s, which is significantly higher than the
effective mobility of control samples on a flat substrate (1.6 cm? V-1 s). These results confirm,

swift charge transport along the n-conjugated polymer backbone.

3.4 Origin of Two Slopes

Now we focus on the origin of two slopes behaviour in our transistors. A large number
of organic semiconductors materials including single-crystals?® aligned polymers,?-?® high
mobility polymers®* and small molecules?*?” have shown “two slopes” in transistor transfer
characteristics. However, it is interesting to note that there is a paucity of information in the
literature on the origin of such behaviour. To address this issue, we considered two potential
factors that may contribute to the gate voltage dependent mobility. The first is electron injection
from the opposite electrode, and the second contact resistance at source/drain electrodes. As
DPP-DTT is a low band gap polymer with high electron affinity (=3.5 eV), electron injections
at high source-drain field (Vps = -100 V) and low gate voltages for short channel devices cannot
be ruled out. Under this circumstance, localised electron traps near one of the electrode
invalidate the use of MOSFET equation derived from the gradual channel approximation.
Moreover, contact resistance often shows dependency of gate voltage and results in complex
and nonlinear electrical properties. To further understand the effect of contact resistance on
device performance, we employed a four-point probe experimental setup to extract more

accurate mobilities.



Figure 3b inset shows the gate four-point probe (gFPP) geometry. Sense probes at
voltages (V1, V2) corresponding to the channel voltage at the probe positions. The gFPP
method enables the evaluation of intrinsic mobility (i.e., free from contact resistance) at
variable gate voltages. It assumes a linear potential drop along the channel, which holds true at

low source drain voltage. The conductivity o is a sheet conductance determined by four-probe

7= (IV?i?/zl) (Lr;mb) 2)

where V1 and V> are the measured probe potentials in the middle of the channel region, and

measurements and given as:

Lprobe IS the distance between the probes (100 um). The optical image of the devices is given in
inset of Figure 3, where Lprone was 100 um and channel length L was 500 pm and channel
width W of the channel was 1000 um. The gFPP mobility was calculated using the following

equation

mree = () () @

Figure 3b shows the Vgs dependence of the mobility employing the gFPP method. The
mobility increases with Ves and peaks at 15 cm? V1s? at Vs ~ -50 V, and then decreases with
further increase in Vs. The average of pgerp OVer the entire Vgs range was 9.5 cm? V1s7,
This average pgrep Value is very close to effective mobility that was calculated using 100%
reliability factor?® in earlier section. The large decrease in mobility with increasing gate voltage
suggests a large contact resistance in the two probe devices and becomes more prominent as
the channel becomes less resistive at high gate voltage. The small decrease in the four-probe
mobility (which eliminates contact resistance) at higher Vgs, is most likely due to traps and
enhanced scattering of carriers resulting from their confinement to a progressively thinner

channel at the semiconductor-dielectric interface.?’2°

3.5 Organic Light-Emitting Transistors

Next, we fabricated LEFETs using heterostructures*’ '8 comprised of aligned DPP-
DTT polymer films as a charge transport layer and a solution processed polymer (Super
Yellow, SY) or an evaporated small molecule (PCAN) as the light emitting layers. Their
chemical structures can be seen in Figure S3 (Supplementary Information). Figure 4a
illustrates the LEFET structure comprising of a non-planar source drain electrode with Super

Yellow. The charge carrier layers were again fabricated by dip-coating DPP-DTT films on



DTS treated nano-grooved substrates. Figure 4c shows the electrical characteristics for these
LEFETSs. Under negative voltage bias, they demonstrate linear and saturation regimes with
current ON/OFF ratios of >10° and sharp turn-on voltages. The maximum effective hole
mobility for the “hero” device was 7.6 cm? V1 s (calculated form a single linear slope of
SQRT(Ips) versus Ves plot as shown in Figure S5b and at a 100% reliability factors, see Table
2). Sigmoidal output curves (at Vps <8 V) in LEFETS (see Figure S5) indicate an extraction

barrier for the holes.

Figures 4d and 4e show the LEFET brightness and EQE as a function of gate voltage,
respectively. Remarkably, the brightness increases with gate voltage, reaching a maximum of
29,000 cd m? at 0.4% EQE. For comparison, the EQE and brightness of samples without
alignments'® were 0.04% at 900 cd m™. This brightness is the highest reported value in an
LEFET to date [see Tables 2 and S1]. Figure 4b shows optical images of the devices. A bright
yellow-green light in shape of the line adjacent to the electron-injecting electrode (Sm/Ba/Al)
is visible with an emission zone width of 35 um. These results clearly demonstrate the potential
of nano-grooved substrate to simultaneously improve the brightness and mobility of LEFETS.
We note that the Ba/Sm/Al electrode was not transparent and thus the measured light was only

that which escaped around the edges of the electrode, leading to lower (EQE) than expected.

The used of nano-grooved substrates in LEFET structures has significant merit in
achieving the high current densities required for electrically pumped lasing. However,
calculating the actual current density is not straightforward. In a field effect transistor channel,
the accumulation layer width is confined to a few nano-meters and results in high current
density (> several kA cm). This channel current density can lead to an overestimation of
exciton current density values in LEFETSs. Since the excitons in LEFETS are spread over the
entire recombination zone width (35 um), a significant lateral distribution area of the exciton
density has to be considered. Therefore, from the width (35 um) and the length of the light
emission zone (2 mm), the maximum current density in the recombination zone at Vs = -100
V is estimated to be 7 A cm. This value is significantly higher than typical current density
(mA cm?) in OLEDs. At high current density (>1 A cm), the EQE roll-off indicates
significant exciton quenching by the metal electrode (see Figure S6). We believe that by
inserting an organic layer (for example an electron injecting material) between the luminescent

layer and the metal electrode, electrode quenching could be completely eliminated.



We also fabricated a blue emitting LEFET using the above described technique to align
DPP-DTT polymer films as a charge transport layer, but here in combination with the vacuum
deposited small molecule emitter PCAN (Figures 5a—f) and an electron injecting layer of TPBI
[1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene] directly under the metal electrode. The
PCAN-LEFETS give bright and narrow blue emission (Figure 5b) and their electrical transfer
characteristics (Figure 5¢) and output (Fig S7) reveal again a high hole current through the
channel, caused by the aligned DPP-DTT polymer films underneath the emissive layer. PCAN
based LEFETs also showed a high ON/OFF ratio (>10°) and effective hole mobility 4.8 cm?
V15t (calculated form a single linear slope of SQRT(Ips) versus Ves plot as shown in Figure
S5b and at a 100% reliability factor, see Table 2). The brightness also increased with gate
voltage, reaching maximum brightness of 9,600 cd m at 0.7% EQE. More importantly, the
EQE does not roll-off at higher current density (9 A cm™) indicating elimination of exciton
guenching near the metal electrode (see Figure S8). In contrast, the LEFET without TPBI layer
showed significant EQE roll-off at 9 A cm™. We also note that the reported PCAN OLEDs*°
showed electrodes quenching at ~100 mA cm™. The TPBI layer in LEFET structure indeed
shifts the recombination zone away from the top drain electrode in a vertical direction (Z axis)
and significantly reduces the exciton quenching by the drain electrode. However, at very high
current densities, quenching due to polarons cannot be ruled out in LEFETS.

We note that the optical transparency of TPBI/Sm/Al was only ~15% in the blue region
thus reducing out-coupling efficiency and hence the EQE of these devices. The electro- and
photoluminescence spectra of both the SY-LEFET and PCAN LEFET are shown in Figure S9
in the Supplementary Information.

Figure S10 (Supplementary Information) shows the device-operating mechanism along
with the materials’ energy levels. Under negative gate bias (Ves <0), holes are injected from
the source electrode (Au) directly into the DPP-DTT layer, the latter having an ionisation
potential (IP) of 5.1 eV.2* With increasing gate voltage, holes are accumulated in the DPP-
DTT film, which are the majority charge carriers in the LEFET channel. These holes move
across the LEFET channel through the highly aligned DPP-DTT polymer. Seeking to reach the
drain electrode under source-drain bias, they eventually pass into the light-emitting layer (SY
or PCAN). Simultaneously, electrons are injected from the Ba/Sm (SY) or TPBI/Sm/AI
(PCAN) electrode into the light-emitting layer resulting in exciton formation and subsequently

light emission through electron injecting electrode (see transmission spectrum in Figure S11).



This occurs at the vicinity of the electron-injecting electrode as shown in Figures 4b, 5b and

S10 (Supplementary Information).
4. Conclusions

In summary, we demonstrated a simple device fabrication strategy to obtain highly
aligned polymer films applicable in both OFETs and LEFETs. The polymer films were
prepared exploiting an inexpensive and simple substrate surface scratching technique prior to
an economic dip-coating deposition. The resulting OFET devices exhibited “two slopes” in
transfer characteristics. The origin of two shops were analysed and correlated with contact
resistance and electron injection. Consequently, we fabricated hetero-structure LEFETS giving
a record-breaking brightness of 29,000 cd m™ at an EQE of 0.4% for yellow and 9,600 cd m™
at 0.7% EQE for blue colours. Moreover, we achieved complete elimination of exciton
quenching at current density up to 9 A cm using an electron-injection buffer layer between
the metallic electrode and light emitting layer. The high operating voltages in the reported
LEFETSs could be reduced by implementing a number of approaches including reducing the
channel length, optimizing the channel with to length ratio and increasing the gate capacitance
by employing high-k dielectrics or electrolyte gating.3"3 These results are a significant
advancement towards the ultimate goal of technologically viable solution processed LEFETs

and pave the way to applications such as displays and electrically pumped organic lasers.
5. Experimental Methods

The substrates consisted of highly n-doped Si wafers with 200/400 nm thick of
SiO2/SiNy deposited on top. These acted as the back-gate and dielectrics respectively. The
substrates were cleaned by ultra-sonication in acetone and were structured with a diamond
lapping sheet with 100 nm diamond particles. Substrates were cleaned again thoroughly by
ultra-sonication in acetone and subsequently 2-propanol and dried before spin-coated with DTS
(as described in Figure S1, Supplementary Information) from a solution of 0.5% in toluene.
The Substrates were then annealed at 80 °C on a hot plate for 15 mins. DPP-DTT polymer
solution was stirred on a hotplate (120 °C) for 2 hours and then kept at room temperature for
at least 7 days to completely dissolve the polymer. The substrates were dipped into the polymer
solution for 20 seconds and coating was completed by pulling the substrates at the rate of 0.2
mm per second by using a commercial dip-coater (Apex Xdip-SV1). Finally, these films were

annealed at 200 °C on a hotplate for 1 hour in air.



For OFET devices, Au-Au symmetric electrodes were evaporated through shadow
masks to form a channel width of 2 mm and channel length of 120 um. Control OFETSs were
fabricated without structuring the substrates. OFETs were also fabricated with channels parallel
and perpendicular to the polymer fibres on the same substrates to minimise the effects of
process variation. The LEFET devices had asymmetric contacts, with Au as the source contact
(thickness 35 nm) deposited directly on top of the DPP-DTT polymer layer using thermal
evaporation through a shadow mask. For SY based LEFETS, the SY polymer was spin-coated
on top of the DPP-DTT layer (with Au electrode) at 2,500 rpm for 30 seconds with a ramp up
to 3000 rpm for 10 seconds. The devices were placed on a hotplate in a glove box and annealed
at 150 °C for 30 minutes. Finally, the second electrode (as electron injection) comprised of
sequential layers of Ba/Sm/AI, which was deposited by thermally evaporating these metals in
high vacuum. For PCAN based LEFETS, the blue light emitting small molecule PCAN was
thermally evaporated in high vacuum onto the DPP-DTT film and the Au electrode, followed
by deposition of the electron injecting electrode, which was formed by evaporation of
sequential layers of TPBI (=40 nm), Sm (20 nm) and Al (20 nm) through a complementary

shadow mask.

Characterisation of the devices were carried out using an Agilent B1500A
Semiconductor Device Analyzer in conjunction with an SA-6 Semi-Auto Probe Station with a
calibrated photomultiplier tube positioned above the devices. The brightness was measured
directly by comparing the photocurrent in a PMT with a reference device of known brightness
and light emission area. The photocurrent in the PMT was corrected for the effective light
emitting area to get the correct brightness value. A Minolta Candela meter (LS-100) was used
to measure the reference device brightness. The measurement of brightness and calculation of
EQE were performed as standard procedure described earlier.*’ 18 X-ray diffraction patterns
were obtained with a PANalytical X’PERT PRO system using Cu Ka source (A = 1.5418 A) in

air. The data were collected at still mode with 300 s per frame.
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Table 1: A summary of the OFET mobilities and reliability factors.

Devices u lower slope u higher slope u eff
(em? V-1s?) (em? V1sh (em? V1s?)
u calculated r (%) u calculated r (%)
Aligned -Parallel 5 188 13 72 9.4
Control 2 88 0.8 202 1.6
Aligned - 0.88 102 0.88 102 0.9
Perpendicular




Table 2: A summary of the optoelectronic properties of the devices used for this study.
Averages were taken for at least 5 devices. Errors given are the standard deviation of the
results

Super Yellow PCAN
Mo (em? V1sh 7.6 4.8
(r=100%)
ON/OFF >10° >10°
Brightness (cd m?) 29,000+2,000 9,600+600
EQE (%) 0.4+0.1 0.7+0.1
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Figure 1: AFM topographic images of (a) scratched SiNx surface (b) unscratched (control)
SiNX, (c) polymer film on scratched substrate and (d) polymer film on unscratched substrate.
XRD graphs of polymer film on scratched substrate (e) polymer film on unscratched (control)
substrate (f).
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Figure 2: OFETs: (a) Device structure, b) molecular structure of DPP-DTT. (c) Transfer
characteristics of three OFETs. d) Output characteristics of the aligned polymer along parallel
direction to the transistor channel, (e) perpendicular to the scratched and (f) without scratches

(control).
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Figure 3: (a) Square root of source drain current for control and nano-grooved OFETS with
channel length L = 120 um, and channel width= 2,000 pum. (b) Ves dependent OFET mobility
measured in saturation regime (Vps=-100 V; for L = 120 um, W = 2,000 um) and gFPP method
(Vbs = -10 V). Inset shows the gFPP geometry with channel length with channel length L =
500 pum, and channel width = 1,000 um, source electrode S, drain electrode D, and voltage
probes V1 and Vo.
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Figure 4: Super Yellow based LEFETSs: (a) The LEFET device structure used in this study,

(b) micrograph of light emission of the device, (c) the transfer characteristic of the LEFET.

Optical characteristics in terms of (d) Luminance versus gate voltage, (¢) EQE versus gate
voltage and EQE versus Luminance ()
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Figure 5: PCAN based LEFETS: (a) The LEFET structure used in this study, (b) micrograph
of light emission of the device, (c) the transfer characteristic of the LEFET. Optical

characteristics in terms of (d) Luminance versus gate voltage, (e) EQE versus gate voltage and
EQE versus Luminance (f)



