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Abstract: Charge injection/blocking layers play important roles in the performances of organic electronic devices.
Their incorporation into organic light emitting transistors has been limitted, due to generally high operating
voltages (above 60 V) of these devices. In this work, two hole blocking molecules are integrated into tris-(8-
hydroxyquinoline) aluminum (Algs) based light emitting transistors under operating voltage as low as 5 V. The
effects of hole blocking and electron injection are decoupled through the differences in the energy levels.
Significantly improved optical performance is achieved with the molecule of suitable energy level for electron
injection. Surprisingly, a decreased performance is observed in the case of another hole blocking molecule

evidencing that charge injection overweighs charge blocking in this device architecture.
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Electronic devices based on organic semiconductors (OSC) have been well studied over the last decades as they
enable specific applications those of which their inorganic counterparts cannot fulfil. ¥ These devices can be
easily processed with potential low cost. They can be large area, light weight and flexible. 3= An interesting and
aspiring device in this field is organic light emitting transistor (OLET), a multifunctional optoelectronic device. It
combines the electrical switching function of a field effect transistor (FET) with the light emission property of a
light emitting diode (LED).%’ The potential applications of such a device are numerous, from active matrix display
to even electrically pumped lasing. 8° Since the first report on OLET, there has been enormous progress in this
field. %4 To further enhance the performance of these devices, incorporation of interfacial layers such as charge
injection and blocking layers is essential, as they play rather important role in device performances of organic
electronic devices being almost indispensable in some cases, such as in organic LEDs. % However, one limitation
thus far has been the rather high operating voltages of OLETs in many reported studies (even above 100 V in
some cases). 7 Such an operating condition limits the potential areas of their application (displays require
below 10 V operations) and restrains the efficiency and stability of these devices under strong electrical stress,
but also obscures the role of charge injection/blocking layers. That is why developing low voltage operating
OLETs can be regarded as a major focus in research towards technological applications. Two aspects have to be
considered to realize low voltage operating OLETs. One is to apply high mobility transport layers, such as metal
oxides, small molecules or polymers. ¥20 Another is that the capacitance of the dielectric layer should be
augmented, either by minimizing the thickness or using high-k dielectrics. 2?2 Up to now, only one work reported
OLET operating below 10 V. 2 Low voltage operating devices provide ideal platform to explore the potential of
charge injection/blocking layers in further enhancing the electrical and optical performances of OLETs. However,

incorporation of them are lacking among those very few OLET devices operating at relatively low voltages. 2%

In this work, we first realized low voltage operating OLETs using high hole mobility 2,9-didecylnaphtho[2,3-
b:2',3'f]thieno[3,2-b]thiophene (Cio-DNTT) as transport layer and anodized Al,Os as dielectric layer. 2627
Operating voltage was reduced to as low as 5 V, which allowed us to unambiguously investigate the effect of
hole blocking layers in our OLETs. Two molecules: 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were used with the aim to decouple the
efficacy of hole blocking from electron injection and transport. We obtained significantly improved optical

performance with BCP which proved to be efficient hole blocking/electron injecting layer.

The 15 mm x 15 mm glass substrates were cleaned with Hellmanex soap in ultrapure water for 15
minutes in an ultrasonic bath, then were rinsed in pure water for 5 minutes two times. They were then
subjected to 10 minutes of UV-Os treatment. Aluminum (100 nm) as gate was evaporated in an e-beam
deposition system at the base pressure of 1x10® mbar. The aluminum was partially anodized in a citric
acid aqueous solution (0.1 mM) to get 35 nm thick Al,0s. A thin polystyrene (3 mg mL? in

chlorobenzene) layer was spin coated (2000 rpm, 60s) on top to passivate the surface. The transport



layer, C1o-DNTT (20nm), was evaporated in a thermal evaporator at the base pressure of 1x10°® mbar
with a controlled rate of 0.1 to 0.2 A s. MoOs (10nm)/Ag (40nm) source electrode was evaporated through
a shadow mask at a deposition rate of 0.1 nm s*. The emissive layer, Algs (50 nm), was evaporated thermally at
arate of 0.5 A s. Finally, the semitransparent drain electrode (LiF (1nm)/Al (15nm)) was evaporated through a
shadow mask. Thus defined channel length was 300 um and channel width was 2 mm. For BCP (10 nm) and TPBi
(10 nm) devices, they were evaporated thermally at a rate of 0.1 nm s before the deposition of drain electrode
through the same shadow mask. The characterizations were carried out under inert atmosphere
(nitrogen glovebox). A 4200 Keithley Semi-conductor analyzer along with a calibrated silicon
photodetector on top of the device were used to measure the electrical and optical signals. A
Hamamatsu amplifier was used to magnify the photocurrent. The brightness of Alg3 based OLED was
first measured via a Konica Minolta Luminance meter LS-100. A correction factor was hence
determined to derive the brightness of OLETs. Whole (LiF/Al) electrode area is considered as light
emitting area to take into account the change in the area of the light emission. The photographs were

taken by using a Nikon D-80 camera with a 50 mm lens.

First, we evaluated the OFET performance of C;o-DNTT molecule. Al gate deposited on glass substrate was
partially anodized to create Al,Os, which served as dielectric layer. 2728 Athin layer of polystyrene was spin coated
to passivate the surface. % Subsequently, C1o-DNTT was deposited, followed by the deposition of MoOs/Ag
source/drain electrodes. 2 We obtained an average saturation hole mobility of 4.3 cm? V1 s’%, with low threshold
voltage and high current on-off ratio (see supporting information). Such an excellent performance makes the
choice of C1o-DNTT relevant as the transport layer of our OLETs. The OLET device structure is presented in Figure
1a). Here, we used asymmetric contacts for separate hole and electron injection. After the deposition of
MoOs/Ag contact for hole injection, Algs emitter was thermally evaporated. The second asymmetric contact for
electron injection is composed of hole blocking molecule (or not) and LiF/Al semi-transparent electrode. The
choice of BCP and TPBi is mainly due to their deep lying highest occupied molecular orbital (HOMO) levels (6.2-
6.4 eV), which enable them to block holes coming through the emissive layer in a rather similar fashion. For that,
they both commonly act as hole blocking layers in OLEDs. 3° However, relatively large difference in lowest
unoccupied molecular orbital (LUMO) levels (2.7 eV for TPBi and 3.0 eV for BCP) and in electron transport can
manifest in their ability to efficiently provide electrons, thus influencing the rate of recombination that creates
the excitons by the accumulation of both charges in the emissive layer. 3* We carried out experiments with different
thicknesses and chose the best performing device (10 nm) in terms of current density and luminance for BCP device.
We kept the thickness of TPBi the same for the sake of comparison, since TPBi devices get worse and worse than the

reference device with the increase of the thickness.
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Fig. 1. a) Device structure of the OLET (PS: polystyrene, HBL: hole blocking layers TPBi or BCP).
Chemical structures of b): C10-DNTT, c): BCP and d): TPBi. MoO3/Ag contact is grounded
(source) and fixed Vs is applied to the LiF/Al contact (drain) during the characterizations.

The electrical and optical characteristics of the three OLET devices (control, with TPBi and with BCP) are shown
in Figure 2a) at a drain-source voltage (V4s) of -5 V. All three devices show quite similar transfer curves, with
comparable current turn on voltage (Von(l)), threshold voltage (Vin) and maximum drain current (Imax). In contrast,
we observed large differences in the optical performances. Maximum luminance of the device with BCP is almost
ten times higher than that of the control device, indicating an efficient hole blocking by the BCP layer. However,
despite having deeper HOMO level, TPBi device yielded even worse luminance than the control device. If we
look at the energy diagram of various layers of our devices (as shown in Figure 2c)), shallow LUMO level of TPBi
(2.7 eV) seems to introduce additional energetic barrier for electron injection from LiF/Al contact to Algs.
Apparently, electron injection has stronger effect than hole blocking. Another factor to be considered is the
electron mobility of these two HBLs. Earlier reports have shown that BCP has much higher electron mobility than
TPBI. 3233 Having almost one order of magnitude higher electron mobility, BCP transports electrons much faster
than TPBi, which can be another contributing factor for the better performance of BCP device.

Device performances measured at drain-source voltage of -15 V are presented in Figure 2b). Remarkably, Von(l)
and light turn on voltage (Von(L)) almost overlap for all the devices, which is a strong contrast to the solution
processed hybrid LETs. 3%% The hole transport layer (C1o-DNTT) is the same for all the control, TPBi and BCP
devices. In principle they should have similar hole mobilities. Nevertheless, more efficient electron injection can
lead to higher recombination rate in the emissive layer, thus further contributing to the current flow. Thus, we
obtained a slightly higher mobility for BCP devices when operated at 15 V. Still, the mobility values are
comparable to the OFET without the emissive layer. Maximum gate leakage current is around 2 nA, and several
orders magnitude lower than the corresponding drain current (see supporting information). Overall optical
performances follow the trend observed earlier for low voltage operation, albeit being less significant. Peculiar

feature in the control device where a dip appears around gate voltage of 7.5 V is worthy of discussion.
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Fig. 2. a) Transfer characteristics and luminance of control, TPBi and BCP OLETs

operating at Vgs=-5V. b) Transfer characteristics and luminance of control, TPBi and BCP

OLETs operating at V4s=-15V. c) Energy diagram of various layers with respect to the

vacuum level.
We should note that when the gate voltage increases, the carrier concentration of the holes continues
to rise, conversely that of the electrons continues to diminish, as it is controlled by the potential
difference between the gate electrode and drain electrode (LiF/Al). The equilibrium point is at half
gate voltage, where the switch from electron domination to hole domination occurs. At high gate

voltages, electron injection is predominantly through tunnelling, driven by the fixed electric field

between source and drain electrode over the channel. When electron injection/transport is poor, as



in the case of TPBi devices, the increased amount of hole carriers through efficient blockage are
compensated, hindering further accumulation of electron/hole pairs (excitons) in the emissive layer.
When electron injection gets better, as in the case of control device, exciton accumulation improves,
leading to still enhanced luminance after the switching point for hole domination. The best case is BCP,
where continuous enhancement of exciton accumulation is achieved thanks to both efficiently blocked
holes and injected/transported electrons. Such luminance characteristics at high gate voltage region
again confirm the importance of electron injection/transport abilities of these HBLs. Brightness higher
than 700 cd m2is obtained for BCP device operating at -15 V. Output characteristics of the devices are
provided in the supporting information. Current efficiencies of the devices are also given in the
supporting information. Electrical and optical performance parameters are summarized in Table I.

Table I. Summary and comparison of electrical and optical properties of control, TPBi and BCP OLETs at V4 of -5 V. The values in the
brackets are for the operation at Vg of -15 V.

control TPBi BCP
o 25+08 2207 22+03
e il e ] (3.3+0.9) (34+1) (4+0.5)
- 4x10° 4x10° 4x10°
Current on/off ratio (5x10°) (5x10%) (2x109)
12+0.1 -09+0.07 1401
Threshold voltage-Vi (V) (-1.2+0.1) (1+0.1) (-1.2402)
05+0.1 03+0.1 04+0.1
Current turn on voltage-Veoll) (V) (6.4 0,05 (0.5+0.1) (0.6+0.1)
_ 08+0.1 05+0.2 07+0.1
Light turn on voltage-Von(L) (V) (:0.7+0.06) (:0.6+0.1) (0.7+0.1)
16+1 0.4+0.09 10+4
Max. brightness (cd m?) (50 + 10) (30+7) (633 +113)

Visual observation of the emitted lights from the three devices operating at -15 V are presented in Figure 3 for
the control device, the device with TPBi and the device with BCP (a), b) and c)). These photograph images show
that the lights are emitted primarily from LiF/Al electrode edge, which is due the high concentration of the
excitons near the channel. We actually noticed that light emission started from the edge, slowly diffusing the
area under the electrode with the increase of the gate voltage, revealing exciton distribution profile. It is also
evident that BCP device is brighter than control and TPBi devices, in agreement with the luminance
measurement data. However, a closer look exposes the differences in the colour of the emitted lights of the
three devices. To verify that, we recorded electro-luminance (EL) spectra and compared them with photo-
luminance (PL) spectrum of Algs film, as shown in Figure 3d). The main EL peak at 520 nm of all the three devices
corresponds to that of the PL peak of Algs film. Interestingly, we observed additional red shifted EL peaks. The
position of this optical resonance seems to be related to the distance between Al gate electrode and Al top

electrode. With 10 nm more thickness due to the HTLs, the peak shifted from 610 nm in the control device to



660 nm for the devices with BCP and TPBi. Such a phenomenon was not observed in Si/SiO> high operating

voltage based devices. The origin of this optical effect is the subject of our further study.

a)

d)

——EL control
e =ELTEBI

Intensity (a. u.)

400 500 600 700 800
Wavelength (nm)

Fig. 3. Photographs of the light emission from OLET devices (LiF/Al electrodes are designated with
dashed red lines): a) control, b) with TPBi and c) with BCP. d) Electroluminescence (EL) spectra of
the same OLET devices together with photoluminescence (PL) spectrum of Algs film.

In summary, we presented Algs emissive layer based OLETs operating at as low as 5 V, which were realised by
adopting Ci-DNTT high mobility transport layer and anodized Al,Os high capacitance dielectric layer. These
devices allowed us to investigate the role of hole blocking molecules in these OLETs. Two molecules, BCP and
TPBi, were compared, in order to distinguish the separate mechanisms of hole blocking and electron
injection/transport. Baring more suitable energy level for electron injection and higher electron mobility, BCP
resulted in much improved optical performance than the control and TPBi devices. On the contrary, TPBi
displayed even worse performance than control device. Thus, we identified that in low voltage operating OLETS,
merely efficient hole blocking is not sufficient to enhance device performance without decent electron
injection/transport. Low operating voltage OLETs with efficient charge blocking layer usher these important
optoelectronic devices closer to many potential practical applications, on which our study provides one of the

roadmaps.
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