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alternating-current gate voltage.

Organic light-emitting field-effect transistors (OLEFETS) are currently under intensive
study owing to their multifunction including current modulation and light emission.! Such
multifunction is associated with potentially wide applicability to display technology. Organic
light-emitting diodes (OLEDs) constitute another class of organic light-emitting devices.
Those devices require transistors for controlling their luminance. In the OLEFETSs, on the
other hand, the luminance can be modulated by changing only gate voltages, doing without
any additional devices. Thus the display panels using the OLEFETSs have the great advantage
of largely reducing both the number of devices and the circuit complexity. The device
performance of OLEFETS is based upon the simultaneous carrier injection of both holes and
electrons into an organic semiconductor layer and their subsequent recombination. So far the
OLEFETs®™ have been operated by applying direct-current (DC) voltages to the gate
contact and between the source and drain electrodes. Within this framework several attempts
were made to promote the injection and recombination of the carriers. Examples include the
use of heterogeneous metal electrodes®®* and composite organic semiconductors.” These
attempts, however, made the device structure complicated and an improvement was yet
insufficient. Thus, the difficulty for electrons and holes to be simultaneously injected into the
organic layer imposed serious restrictions on the structure and steady operation of the devices
and, hence, hampered versatility of OLEFETs. This has urged us to renovate the device
operation method. In this communication we propose a novel method of operating the devices
that is characterized by applying alternating-current (AC) voltages to the gate electrode. This
prompts the carrier injection from both the drain and source electrodes into an organic layer.
Moreover, the stable metals such as gold and platinum can be used for those electrodes to
inject both holes and electrons. The organic layer can freely be constructed in a desired form,

e.g. a thin film or a crystal. As a result we have been successful in producing strong emissions



effectively without altering the device constitution. The devices are operated under AC gate
frequencies 2-20,000 Hz of appropriate gate voltage amplitudes; stronger emissions take
place with increasing gate frequencies. Detailed analyses of the electrical data allow us to
distinguish two different regimes for the emission processes. This provides a powerful tool of
studying the carrier injection and transport mechanisms in the organic semiconducting
materials.

Amongst organic semiconducting materials thiophene/phenylene co-oligomers are
counted as promising because of their unique optoelectronic properties.”3*%1 Hence we
have chosen for the present study one of the co-oligomers, 2,5-bis(4-biphenylyl)thiophene
(BP1T);™ see its structural formula in Figure 1a. The carrier mobility of the BP1T thin-film
device is estimated at ~10~ cm?V*s™* from the normal p-channel DC operation.™ We show
in Figure 1b a schematic structure of the bottom-gate OLEFET device equipped with
interdigitated electrodes of the channel length L. (A constant channel width is 8 cm.) The
equivalent circuit is schematically shown in Figure 1c. Note that the “drain” and “source”
electrodes are defined as injecting holes and electrons, respectively. An AC gate voltage vg is
applied with its amplitude Vg. In the phase 2xft, t and f stand for time and the gate voltage
frequency, respectively. The drain—source current Ips represents the current that flows in the
BPL1T layer.

Figure 2a compares photographs in which a thin-film device is either unlighted or
lighting under an AC gate voltage application. The lighting device is being operated under a
drain voltage Vp = 30 V, a source voltage Vs = -30 V and a gate voltage amplitude Vg =40 V
with the gate voltage frequency f = 20 kHz. The output light is blinking by eye at f = 2-20 Hz
(see Supporting Information). The light, however, looks continuous over f = 200 Hz. Figure
2b shows the spectra of the above specific device for various f (2-20,000 Hz). The figure
includes for comparison the spectra measured under DC gate voltages of —40, 0 and 40 V.
Even for f = 2 Hz the intensity is significantly enhanced. The f dependence of the intensity is
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shown in Figure 2c where the intensity is effectively increased with higher f. In Figure 2b and
2c the Vp and Vs together with Vg were the same as in Figure 2a. To further exemplify the
device operations we display in Figure 2d and 2e the Vp (or Vs) dependences of the intensity
at f = 200 Hz and 20 kHz, respectively. Under a fixed Vg = 40 V, the Vp and Vs were varied
from 0 to 30 V at intervals of 5 V keeping Vp = -Vs. Although at f = 200 Hz the intensity is
ignorable around low Vp, it rises suddenly at 15 V and increases with the magnitude of Vp.
More importantly, for f = 20 kHz the device emits light even at zero Vp. For Figure 2c—e the
intensities were determined by averaging those obtained from the spectral region 457.6-465.1
nm including the intensity maximum.

Figure 3a shows the drain—source current Ips and emission intensity ley, as a function of
the gate voltage phase for various f as parameters. The vg varying with phase is shown as a
guide in the uppermost diagram. The Vg is set for 80 V. At lower f (20-200 Hz), the major
emission peak is in accordance with the dominant Ips peak caused by the negative gate biases.
At higher f (200-20,000 Hz) another emission peak arises near the origin (where the gate is
swept from the negative to positive) and dominates with increasing f; see the arrows in the
figure. Thus the peak height relationship between the abovementioned two emission peaks of
lem is eventually reversed.

The emission characteristics outlined above are interpreted as follows: Figure 3b
schematically represents the carrier distribution in the channel that changes according to
different phases within the negative gate bias region. The varying v is once again depicted in
the uppermost diagram relative to Vp and Vs and the coordinates labeled P, and P, correspond
to the carrier distribution represented by Figure 3b-1 and 3b-2, respectively. Suppose without
the loss of generality we start from Figure 3b-1. When v becomes equal to Vs, the hole
density close to the interface between the source electrode and the BP1T layer would be zero
(pinch-off). At the next stage (Fig. 3b-2) electrons start being injected from the source contact

into the BP1T layer and the pinch-off point (for holes) shifts toward the drain electrode with



the holes concomitantly depleted. The hole depletion takes place through either the radiative
recombination, nonradiative recombination or a drift from the BP1T layer to the source
electrode. The latter two processes do not produce emissions. To obtain an effective emission
the holes and electrons must be made to coexist. For this the density of the electrons near the
source contact should be large. This can be done by applying a large positive vg, because the
electron density in the BP1T layer is proportional to |vg — Vs|. This large gate bias, at the same
time, prompts the depletion of holes. Consequently, if the electrons are injected rapid enough
before the holes would be drifting into the source, an efficient emission can be achieved. This
is indeed the case with what is happening in the high f regime. The impact ionization may
well promote the electron injection.[*&16-281

We believe the above processes occurring in the high f regime are crucial in the present
device operating method. The relevant feature most prominently shows up when the gate is
swept from the negative to positive (Fig. 3a). As expected applying high frequency gate biases
produces the strong emissions. In this respect the observation of emissions occurring at zero
Vp (Fig. 2e) implies that for the device placed in an electrically “symmetric” environment
both the holes and electrons are evenly injected from the same contact.

With the DC operation we observed the continuous emission intensity accompanied by
the continuous drain—source current. The emission occurring in the low f regime (typically 20
Hz in Fig. 3a) somewhat resembles that of the DC operation in that the emission intensity is
significant only in the negative vg region. In this region the transportation of accumulated
holes is the dominant process and a small density of electrons is injected from the source
contact to cause the relatively weak emission. In the conventional studies emissions were
mostly observed in a region where |vg — Vp (Vs)| was small in contrast with the present studies,
because both v and Vp (Vs) were set for the same polarity.>**>#% Note in those conventional
cases that one of the drain and source electrodes was usually grounded.

We show in Figure 4a photographs of a crystal device either unlighted or lighting. The



lighting device was operated under Vp = -Vs = 60 V and Vg = 100 V with f = 20 kHz. Line
emissions above the channels are strongest at the edges and defect parts of the crystal. This
results from the self-waveguided propagation of emissions in the crystal, as observed in other
studies as well.*) Figure 4b shows the relevant emission spectra for various f as against the
DC operation. We used Vp = -Vs =50 V and Vg = 60 V for a series of the AC measurements.
Again the intensity increases with higher f. The emission spectra exhibit fine structures
reflecting the vibronic coupling.?”

In conclusion, the results in the present studies demonstrate that applying AC gate
voltage is effective in producing the strong emissions in the OLEFETs. The device
constitution is virtually unaltered and the stable metal such as gold and platinum can be used
for the electrodes to inject both holes and electrons into the organic layer. This ensures the
steady device performance. Moreover, this method will be indispensable to studying the
carrier injection and transport mechanisms in the organic semiconducting materials. The
present operation method can widely be applied to a variety of optoelectronic devices based

on a variety of organic semiconductors with different morphologies (e.g. thin films and

crystals), promising us the strong relevance to the future display technology.

Experimental

OLEFET device fabrication: The OLEFET devices were fabricated using BP1T by
either vacuum-depositing its thin film or laminating the crystal onto the pre-made device
substrates. Comb-shaped interdigitated electrodes were beforehand formed onto the substrates
S0 as to be drain and source contacts by successively depositing Cr and Au (alternatively Ti
and Pt) in vacuum on top of the SiO, layer (gate insulator) that covers a Si substrate (gate

contact). The channel length L of the device was either 3 um (for the case of a thin-film

device) or 10 um (for a crystal device); the channel width was 8 cm. The size of the device



was 2 mm x 2 mm. To complete the device the BP1T thin films were deposited on the device
substrates under a pressure less than 5 x 10~ Pa. The averaged deposition rate and resulting
film thickness were ~0.25 nm/s and ~300 nm, respectively. In turn, the BP1T crystals
(typically ~500 nm thick) were grown in vapor-phase under a dry N, environment at elevated
temperatures (see ref. [21] for experimental details). The crystals were then laminated
manually in close contact with the device substrates.

Emission measurements: The emission spectra were recorded with a multi-channel
analyzer (Hamamatsu Photonics PMA-11 C7473-36) by accumulating emissions for 3 s and 5
s with the thin films and crystals, respectively. To monitor the emission intensities changing
with phase, the emissions were collected with a photomultiplier tube and transferred to a
digital data storage oscilloscope (Tektronix TDS 2024B). These measurements were carried

out under vacuum (less than 0.5 Pa for the thin films and less than 5 x 10™* Pa for the

crystals).
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Figurers and figure captions:
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Figure 1. Schematic representations of the device structure and operation: a) Structural

formula of 2,5-bis(4-biphenylyl)thiophene (BP1T) used for the organic semiconductor layer.

b) Schematic structure of the OLEFET based on a thin film or a crystal. ¢) Schematic diagram

of the electrical circuit that operates the OLEFET device. The drain and source electrodes are

connected to DC power supplies. The gate electrode is connected to an AC power supply. The

Vp and Vs stand for a drain voltage and a source voltage, respectively. The v denotes a

varying gate voltage with its amplitude Vg and frequency f. Both the left-hand and right-hand

side circuits each contain resistances that determine the currents is and ip from voltage drops.

The drain—source current Ips is defined as the current that flows in the BP1T layer.
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Figure 2. Emission characteristics of a thin-film device operated under AC gate biases: a)
Photographs which show that a thin-film OLEFET device is either unlighted (up) or lighting
in the dark under an AC gate voltage application (bottom). The central square displays a blue
emission from the device that corresponds to 2 mm x 2 mm in size. b) Emission spectra from
the device operated under various frequencies f (2-20,000 Hz). c¢) Frequency dependence of
the intensity. d—e) Drain and source voltage dependence of the intensity for different

frequencies as parameters.
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Figure 3. Drain—source currents and emission intensities relative to the carrier distribution: a)
The drain—source currents Ips (blue) and emission intensities ley, (red) are shown as a function
of phase. b) Schematic diagrams of the carrier distribution within the channel at different two
phases represented by P; and P,. The uppermost diagram shows the locations of P; and P,
with respect to Vp and Vs. The coordinate Py is located in the negative gate bias region where
no pinch-off (for holes) occurs. Although P, is also positioned in the negative gate bias region,

the pinch-off sets in and electrons start being injected at this point.
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Figure 4. Crystal device and its emission spectra: a) Photographs that display a crystal device
either unlighted (up) or lighting in the dark under an AC gate voltage application (bottom).
The emissions are seen as lines above the channels and strongest at the edges and defect parts
of the crystal. b) Emission spectra from the crystal device with increasing f. The data

compares the AC-operated spectra with that measured under a DC gate voltage of —60 V.
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We propose a novel method of operating the light-emitting field-effect transistors that is
characterized by applying alternating-current voltages to the gate electrode. This prompts the
carrier injection from both the source and drain electrodes into an organic layer (a thin film or
a crystal) without altering the device constitution. Stronger emissions are found from the

device with increasing gate voltage frequencies.
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