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ABSTRACT

Low optical turn-on voltage is realized in a solution processed hybrid light emitting transistor (LET). To achieve that, an original approach
has been applied where an emissive polymer is mixed with a hole transport small molecule. While the high mobility solution processed oxide
determines the main electrical characteristics of the transistor as the electron transport layer, the hole transport molecule acts as an immedi-
ate source of positive charges to the emissive polymer within its matrix, thus resulting in more efficient light emission when the transistor is
turned-on electrically. While the electrical turn-on voltage remains almost the same, the light turn-on voltage significantly decreases from
27V in the control device to 2V in the blend device. Furthermore, brightness and external quantum efficiency are also considerably
improved within the whole range of gate bias in the blend device, evidencing that our approach enhances overall optical performance of a

solution processed hybrid LET.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090220

Solution processed organic and oxide semiconductors have been
attracting tremendous attention over the last decade for their potential
applications in low cost, environmentally friendly, flexible, and large
area electronics. Among various devices, light emitting transistors
(LETs) belong to a special category as they combine both light emis-
sion and electrical switching in a single optoelectronic device, which
can simplify active matrix display design and also are potential candi-
dates for achieving electrically pumped lasers." * Realizing efficient
LETs is rather challenging from a single active layer, as strong electro-
luminescence and high carrier transport are mutually exclusive in gen-
eral.”® Including transport and emissive layers in the stacking
configuration is a viable path to achieve both high current density and
strong light intensity.”® Such a multilayer approach can be easily
implemented in vacuum deposited devices; nonetheless, it poses a seri-
ous challenge to solution processed devices as orthogonal solvents
have to be considered for not destroying the already deposited under-
layer. The first solution processed LET, the active layer of which is
composed of a p-channel transport layer and an emissive polymer,
was reported by Namdas et al.” Low solubility of the transport layer in

the solvent used for the emissive layer enabled fabrication of such a
bilayer, thus resulting in a rather high external quantum efficiency
(EQE) of 0.15% in spite of relatively low hole mobility (~10"2 cm”
V! s71). Solution processed oxides provide better alternatives for
such transport layers as they show high charge carrier mobilities (typi-
cally above 1cm® V™' s71).'""" Hybrid LET was reported first by
Mubhieddine et al. using solution processed zinc tin oxide as the trans-
port layer."” Following that, different inorganic active layers, such as
CdS and multilayer oxides (In,O3/ZnO or In,03/Ga,03/Zn0O), were
also examined for hybrid LETs.'"*

One major issue in these types of hybrid LETS is the large differ-
ence between the electrical and optical turn-on voltages (V,,), as
rather high current density is required for light emission.
Consequently, these devices show characteristics of either low optical
Von with large negatively shifted electrical V,,, or high optical V,,
albeit with acceptable electrical characteristics. In this work, we inte-
grated a hole transport molecule in an emissive polymer matrix (Super
Yellow) in a hybrid LET. 2,7-dioctyl[1]benzothieno[3,2-b][1]benzo-
thiophene (Cg-BTBT) was employed as the hole transport molecule
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for the following reasons: first, it has shown high hole mobility."”
Second, due to its wide band gap, it does not absorb the light emitted
by the Super Yellow.'® Third, it has a suitable deep HOMO (highest
occupied molecular orbital) level (~5.4eV) for hole transfer from the
molecule to the Super Yellow (~5.4)."”'" Finally, it can also act as an
electron blocker due to its rather shallow LUMO (lowest unoccupied
molecular orbital) level (~2.1eV). Our approach allowed efficient
recombination of the opposite charges provided to the emissive poly-
mer, respectively, by the electron transport oxide layer and hole trans-
port molecule, thus resulting in significantly reduced optical V,,
compared to the control device.

Figure 1 shows the device structures used for hybrid LETs: (a) for
the control device and (b) for the blend device (10% Super Yellow in
weight). This blend ratio is optimized so as to achieve the highest
brightness and lowest optical turn-on voltage (see the supplementary
material). Tungsten polyoxometalate (POM) [polyhedral representa-
tion of which is shown in Fig. 1(c)] as an interlayer for In,Os is applied
following our recent work on improving the overall electrical perfor-
mance of single component In,Os thin film transistor (TFT)."”

(a) (b)

Ag Ag
MoO; MoO,
+ h o
Super Yello(v SY and CB-BTBT[blend
Al Al
& POM € POM
Si Si

(©) (d)

FIG. 1. Device structures of hybrid LETs: (a) control device and (b) blend device.
Charge injection and transport paths, as well as light emission are also indicated.
(c) Polyhedral representation of tungsten polyoxometalate o-KqPWg034.16H,0; the
tetrahedral core represents PO,, while each of the nine octahedra represents
KWOQg. Chemical structures: (d) Cg-BTBT and (e) Super Yellow.
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Asymmetric source and drain contacts are used for efficient injection
of both electrons and holes, respectively.””*' MoOs/Ag as the hole
injection contact is chosen thanks to our recent investigations on vari-
ous oxide/metal combinations as electrodes for the Cg-BTBT hole
transport molecule.”” Chemical structures of Cg-BTBT and emissive
polymer Super Yellow are shown in Figs. 1(d) and 1(e). Heavily doped
silicon wafers (15 x 15 mm?) with a thermally grown SiO, (200 nm)
layer were used as substrates. The substrates were cleaned by ultrasoni-
cation in acetone, ethanol, and isopropanol followed by UV/ozone
treatment for 10 min. The In,O; precursor solution was prepared by
dissolving indium (III) nitride hydrate (99.999% metal basis) in ethyl-
ene glycol monomethyl ether (CH;OCH,CH,0H, 99.5%) at a concen-
tration of 30 mg ml™". The solution was continuously stirred at room
temperature for 24 h before use. The In,O3 thin films were deposited
from the as-prepared precursor solution via spin coating at 4000 rpm
for 30 s. After film deposition, the films were thermally annealed at
350°C for 1 h. Both deposition and thermal-annealing processes were
carried out under an ambient atmosphere. POM was dissolved in de-
ionized water at a concentration of 1 mg ml™" and then deposited by
spin coating on the indium oxide layer. The samples were annealed on
a hot plate at 125°C for 10 min. Following that, the substrates were
transferred to a nitrogen glovebox for electrode and organic active
layer deposition. The masks were used to form asymmetric source and
drain electrodes through evaporation. A 15nm thick Al source elec-
trode was directly deposited on top of the POM layer by e-beam evap-
oration. Then, either Super Yellow only solution or a mixed solution
of Super Yellow and Cg-BTBT (with ratio of 1:9) at a polymer concen-
tration of 3 mg ml ™" in chlorobenzene (CB) was spin coated onto sub-
strates at 3000 rpm for 60 s. The blend film is slightly thicker (41 nm)
than the control film (37nm) in average values. Then, the samples
were annealed on a hot plate at 150 °C for 20 min. Finally, the MoOs/
Ag (10nm/15nm) drain electrode was deposited by thermal evapora-
tion on top of the Super Yellow and Super Yellow/Cg-BTBT blend
thin films. For organic light emitting diode (OLED) devices, Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (from
CLEVIOS) of about 40nm was deposited on precleaned ITO sub-
strates. After drying the films at 120 °C for 30 min, the same active
layers used for LETs were deposited by spin coating with exactly the
same condition. Ca/Al (20 nm/60 nm) electrodes were deposited by
thermal evaporation.

Electrical and optical characterization of the devices were carried
out using a Keithley 4200 semiconductor analyzer coupled with a cali-
brated silicon photodetector positioned over the devices in a dry nitro-
gen glovebox without exposure to air after the drain electrode
deposition. The source-drain current and photocurrent from the sili-
con photodetector were recorded to determine the device parameters.
The brightness of OLEDs was measured using a Konica Minolta lumi-
nance meter LS-100. The correction factor for photocurrent is thus
established. The brightness of LETs was calculated from the photocur-
rent measured from the photodetector and corrected with the mea-
sured light emission area (at highest gate voltage) in the devices. The
external quantum efficiency (EQE) was calculated using the gate volt-
age dependent brightness and source-drain current.

Both hybrid LETs with and without the Cg-BTBT molecule
exhibit remarkable electrical properties. Figure 2(a) shows the transfer
characteristics of these devices in the saturation regime. Both devices
show n-channel transistor behavior with small hysteresis and low
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FIG. 2. (a) Transfer characteristics of control and blend hybrid LETs measured in
the saturation regime. (b) Gate voltage dependent mobilities of the control and
blend devices. (c) Transfer curves of both devices with hole injection electrodes. (d)
Luminance of both devices as a function of gate voltage.

threshold voltage (Vy,). Vy, extracted using the standard method by
the extrapolation of the square root of the drain currents is quite simi-
lar for both control and blend devices (~2 and 3 V). Both devices
show low electrical turn on voltage (V,,) at about —7 V. The derived
peak electron mobility of control and blend devices in the saturation
regime obtained from gate voltage dependent mobility curve is
309cm®> V! s tand 13.3cm? V! s respectively, as shown in
Fig. 2(b). The electron mobility of the control device is almost three
times higher than that of the blend device, suggesting that the hole and
electron recombination is strongly enhanced in the blend device. It is
noteworthy that even the electron mobility of the blend device is one
of the highest mobilities for single component oxide TFT's with opera-
tional Vy, reported so far.'*’ The blend device shows slightly lower
current density at Vg = 60V, owing to its lower mobility than the con-
trol device. However, the current on/off ratio of the blend device is still
an order of magnitude higher than that of the control device (from 10*
to 10°), which comes from much lower off current in the blend device.
Although the main electrical characteristics of our hybrid LETs are
determined by n-channel In,O;, hole current contributed by Super
Yellow gives rise to the off current, as evidenced by the p-channel per-
formance of the Super Yellow only device as shown in Fig. 2(c).
Surprisingly, when Super Yellow is mixed with Cg-BTBT, Cg-BTBT
does not contribute to the hole current; instead, the hole current
decreased almost an order of magnitude. The most striking difference
of these two devices is observed in their optical properties. In Fig. 2(d),
we present the luminance as a function of gate voltage for control and
blend devices. The maximum brightness reaches 43 cd/m” in the

scitation.org/journal/apl

control device, while a higher brightness of 67 cd/m” is achieved in the
blend device. As a matter of fact, the brightness of the blend device is
significantly higher than that of the control device in the whole range
of gate voltage modulation. Even more remarkable in this comparison
is the light V,,, which decreases from 27V in the control device to
only 2V in the blend device, implying highly efficient electron and
hole recombination in the blend device. Here, the role played by
Cg-BTBT is quite obvious. Holes can be easily injected from the
MoO;/Ag contact to Cg-BTBT, which in turn are immediately trans-
ported to Super Yellow in its vicinity. These trapped positive charges
then recombine instantly with the electrons provided by the oxide
transport layer, thus decreasing the optical V,,,. The summary and
comparison of electrical, optical, and charge-transport properties of
control and blend hybrid LETs are provided in Table I.

Indeed, atomic force microscopy (AFM) analysis (presented in
Fig. 3) confirms that the blend film mainly processes polymer texture.
Even with only 10% of content, Super Yellow still retains its percola-
tion, albeit being slightly disturbed by the presence of the Cg-BTBT
molecule, which explains the lower off current we observed in the
blend device. One might raise the question that AFM is only for the
surface structure and Cg-BTBT might form a layer underneath. In this
scenario, hole current in the blend device would have been much
higher than that in the super yellow only device, which is not the case
as we noticed earlier in Fig. 2(c). It should be noted that even though
Cg-BTBT does not form a continuous layer to contribute to the hole
current in the device, its high hole mobility is essential for fast transfer
of positive charges from the electrode to the emissive polymer. We still
observe the highly crystalline nature of Cg-BTBT in the blend film as
observed from the XRD measurement (see the supplementary mate-
rial). Another important role it plays is acting as an electron blocker
due to its much shallow LUMO level (~2.1 eV) as compared to that of
Super Yellow (~3 eV). 1o

We present in Fig. 4(a) the microscopy images of the emitted
lights together with the calculated external quantum efficiency (EQE)
of both hybrid LETs. Emitted lights are clearly visible to the naked eye.
We note that light emission in both devices happens mainly at the
edge of the semitransparent MoOs/Ag electrode, which is understand-
able, as electrons are the dominant carriers in both devices. However,
the light emission is much more spread under the electrode in the
blend device, indicating again an efficient hole charge injection and
transport. The EQE is calculated from the measured photocurrent and
normalized electroluminescence (EL) spectrum. In the calculation, we
also took into account the geometrical correction and light emitting

TABLE I. Summary and comparison of electrical, optical, and charge-transport prop-
erties of control and blend hybrid LETs.

Control device  Blend device

Threshold voltage (V) 2.0+0.2 35+ 04
Light turn on voltage (V) 27 %3 20*02
Electrical turn on voltage (V) —7.7 % 0.5 —6.6 = 0.8
Maximum brightness (cd m~?) 41 =8 67 =11
Maximum EQE (%) 0.02 = 0.006  0.08 = 0.013
Current on/off ratio 3.7 x 10* 1.2 x10°
Electron Mobility (ctm* V™'s™") 309 + 3.2 133+ 12
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FIG. 3. AFM height and phase images of (a) and (d) Super Yellow, (b) and (e) Cs-
BTBT, and (c) and (f) Blend films.

area of both LETs. In both devices, a gradual increase in EQE can be
observed with the increase in the gate voltage, an indication of efficient
electron injection from the Al electrode in our device configuration.
Four times higher EQE (from 0.02% to 0.08%) is achieved in the blend
device as compared to the control device. Such an increase can be
attributed to the role played by Cs-BTBT in facilitating hole injection/
transport to the emissive polymer and also blocking the electrons, thus
resulting in much more efficient charge recombination as discussed
earlier. Electroluminescence spectra of the two devices together with
photoluminescence spectra of the corresponding films with and with-
out the Cg-BTBT molecule are shown in Fig. 4(b). Photoluminescence
of the blend film is almost the same as that of the Super Yellow only
film. While electroluminescence of the blend device shows quite

Carrier density (x 10%/cm?)
1.25 2.50 3.75

T

(a) « control  EL- control
—=— blend 1.0} —=—EL-blend

107k I T . T PL- control
-+ PL-blend

EQE (%)
Intensity (a.u.)

'.A 2 .. .A_.A. L L

20 40 60 © 500 600 700

Gate Voltage (V) Wavelength (nm)

FIG. 4. (a) External quantum efficiency (EQE) of control and blend hybrid LETs,
microscopy images of the emitted lights are also shown. (b) Photoluminescence
spectra of control and blend films together with electroluminescence spectra of both
hybrid LETs.
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similar features to the photoluminescence spectrum of the film, elec-
troluminescence of the control device displays band narrowing and a
slight shift in the peak, a hallmark of amplified emission coming most
likely from rather confined emission. Still, the effect is not that promi-
nent as the light emission is limited to the electrode edge, having surely
been quenched by the electrode.

It is of relevance to fabricate equivalent light emitting diodes
(OLEDs) and compare with hybrid LETs to highlight the role of the
hole transport molecule in these two types of devices. We present in
Figs. 5(a) and 5(b) the respective current density and brightness of the
OLEDs with the active layer composed of control and blend films.
Both current density and luminance are several orders of magnitude
lower in the blend device compared to those in the the control device.
Such an adverse effect of the hole transport molecule is expected in
OLEDs, as the hole transport molecule perturbs the rather balanced
electron and hole charge transport within the polymer, although a thin
layer of 40 nm active layer does not require very high carrier mobili-
ties. As determined from the space charge limited current (SCLS) mea-
surement (see the supplementary material), hole mobilities decreased
in the blend device, but electron mobility decreased much more, thus
causing largely unbalanced charge transport of the opposite carriers,
which is detrimental to charge recombination, consequently leading to
a very poor OLED performance in the blend device. On the other
hand, in our LETs, electrons have to travel much longer distances (on
the order of tens of micrometers), which necessitates the integration of
high carrier mobility transport layer in the device configuration. We
also notice that electroluminescence band narrowing which we
observed in LETs occurs neither in control (even with several orders
of magnitude higher luminance) nor in the blend OLED device as
shown in Fig. 5(c), suggesting that LETs can indeed be candidates for
realizing electrically pumped lasers with further progress in device
performance.

In summary, by blending the hole transport molecule with
emissive polymer, we achieved a low optical V,, of only 2V in a
hybrid light emitting transistor. Our approach also led to the
improvement of other optical properties such as brightness and
external quantum efficiency. Although organic field effect transis-
tor (OFET) and AFM studies show that the hole transport mole-
cule does not tend to form a continuous percolation path, high
crystallinity from XRD measurements suggests that the hole
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FIG. 5. Current density and luminance curves of control (a) and blend (b) OLED
devices. (c) Photoluminescence spectra of control and blend films together with
electroluminescence spectra of both OLEDs.
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transport molecule acts as a facilitator of charge transport to the
polymer matrix. Together with more efficient injection of holes
and blocking of electrons, the blend approach results in enhanced
recombination of opposite charges, consequently yielding better
optical performances.

See the supplementary material for blend ratio optimization, X-
ray diffraction spectra, EQE comparison of OLED and hybrid LET
devices, and J-V curves of electron/hole only devices.
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