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High-Transconductance Organic Thin-Film Electrochemical
Transistors for Driving Low-Voltage Red-Green-Blue Active

Matrix Organic Light-Emitting Devices

Daniele Braga, Nicholas C. Erickson, Michael J. Renn, Russell J. Holmes,*

and C. Daniel Frisbie*

Switching and control of efficient red, green, and blue active matrix organic
light-emitting devices (AMOLEDs) by printed organic thin-film electrochem-
ical transistors (OETs) are demonstrated. These all-organic pixels are charac-
terized by high luminance at low operating voltages and by extremely small
transistor dimensions with respect to the OLED active area. A maximum
brightness of =900 cd m~2 is achieved at diode supply voltages near 4 V

and pixel selector (gate) voltages below 1 V. The ratio of OLED to OET area
is greater than 100:1 and the pixels may be switched at rates up to 100 Hz.
Essential to this demonstration are the use of a high capacitance electrolyte
as the gate dielectric layer in the OETs, which affords extremely large tran-
sistor transconductances, and novel graded emissive layer (G-EML) OLED
architectures that exhibit low turn-on voltages and high luminescence effi-
ciency. Collectively, these results suggest that printed OETs, combined with
efficient, low voltage OLEDs, could be employed in the fabrication of flexible

Consequently, commercial AMOLED
displays typically employ glass back-
planes with higher mobility and higher
transconductance polycrystalline Si (poly-
Si) drive circuitry. Alternatives to poly-Si
circuitry are desirable from both cost and
processing perspectives. For example,
amorphous oxide or organic TFTs proc-
essed at low temperature (e.g., <150 °C)
might allow roll-to-roll manufacturing
of flexible AMOLED displays on plastic
substrates that cannot withstand the high
temperatures necessary for preparing
poly-Si films.?!

There have already been several dif-
ferent demonstrations of OLED, liquid
crystal, electrophoretic, and electro-
chromic displays driven by organic TFT

full-color AMOLED displays.

1. Introduction

There is currently substantial interest in identifying thin-film
transistor (TFT) technologies that provide sufficient drive cur-
rents and operational stability to meet the requirements of
active matrix organic light-emitting devices (AMOLEDs).[!
Unfortunately, due to both low charge carrier mobility and bias
stress effects, amorphous-Si TFTs that are ubiquitous in the
backplanes of liquid crystal displays (LCDs) generally cannot
deliver adequate currents to stably illuminate AMOLEDs.
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(OTFT) backplanes.B13 This prior work

has highlighted the potential of OTFTs for

display applications, but it also delineates
some important problems, particularly with respect to driving
AMOLED displays. So far, OTFTs are operationally and environ-
mentally less stable than polycrystalline-Si TFTs and are unable
to provide the same output current per unit channel width
because of the lower charge carrier mobility (0.1-1 cm? Vs
in the organic semiconductor.' As a result of the relatively low
mobility, high biases, and large OTFT footprints (areal sizes)
are required to properly drive individual light-emitting pixels.[*>!
Large OTFT dimensions potentially limit the pixel resolution
achievable with a fully organic technology. Indeed, a key figure
of merit for AMOLED drive TFTs is the transconductance per
unit channel width, which should be >100 uS cm™ in order
that the TFT footprint is not too large compared to the pixel
dimensions.

We have recently demonstrated thatelectrolyte-gated OTFTs, 1%
also referred to as microelectrochemical transistors,!” 18l
can have transconductances on the order of 10 mS cm™,
well above the required threshold. The architecture of these
OTFTs, which employ a polymer electrolyte or “ion gel” as the
gate dielectric, is shown in Figure 1a. When a gate voltage is
applied, ions from the gate dielectric penetrate the polymer
semiconductor layer, effectively electrochemically doping it and
creating a high conductance state. Current flows throughout
the thickness of the semiconductor layer, so that the conducting
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Figure 1. a) Cross section of a printed OET. When a negative gate voltage is applied, the
semiconductor is electrochemically doped by anions from the electrolyte creating a high con-
ductance channel. b) Molecular structures of the components of the electrolyte dielectric and
c) semiconductor (P3HT). The ion-gel dielectric is a solid electronic insulator made by a
gelating triblock copolymer (poly(styrene-b-methylmethacrylate-b-styrene (PS-PMMA-PS)
swollen with an ionic liquid (1-ethyl-3-methylimidzaolium bis trifluoromethylsulfonyl)imide
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A second consideration is the match
between the OET and OLED operating volt-
ages. In general, OETs cannot sustain applied
gate-source or drain-source biases above
13 V due to both electrolyte breakdown!
and irreversible oxidation/reduction of the
semiconductor.? Thus, while the low voltage
characteristics of OETs are often considered
to be an advantage, for AMOLED backplane
applications the low voltage could potentially
limit pixel brightness.

In this paper, we demonstrate for the first
time that printed OETS can serve as switching
and driving TFTs for red, green, and blue
AMOLED pixels. The pixels are operated
at high brightnesses up to 900 ¢d m™ and
are switched at rates up to 100 Hz. Further-
more, due to the high transconductance of
the OETs, the pixel-to-transistor area ratio is
>100:1, which is important from a display
architecture and brightness perspective. Key
to this demonstration is the use of vacuum
deposited OLEDs that operate at 3-4 V by
virtue of a novel single layer architecture
previously reported.?’! The low voltage char-
acteristics of the OLEDs mean that low pixel
supply biases can be utilized that are com-
patible with the OET requirements. Indeed,
in both the ON and OFF states of the pixels,
only a fraction of the bias between the
transistor source electrode and the OLED
cathode drops over the drive transistor. This
prevents electrolyte breakdown and the
degradation of the OET performance. Col-

1624  wileyonlinelibrary.com

([EMIM][TESI])).

channel is much thicker than in a conventional TFT. Reset-
ting the gate bias to 0 V causes the electrochemical doping
process to reverse. Effective gate capacitances are typically
=10 uF cm~2,1%1% and consequently very large channel currents
can be obtained even for low mobility semiconductors, which
is an advantage for application of these devices in OLED pixel
control.

One potential issue concerning the use of organic thin-film
electrochemical transistors (OETs) for OLED pixel backplanes is
the OET switching time, which could be assumed to be rather
long given that ions must be alternatively injected and with-
drawn from the channel.l?% Fortunately, this switching time can
be managed by controlling the thickness of the polymer semi-
conductor and the electrolyte layer. Previously, we have demon-
strated 1 ms switching time for OETs employing the benchmark
polymer semiconductor poly(3-hexylthiophene) (P3HT),?!l and
20 us for OETs with semiconducting carbon nanotube chan-
nels.?2l 20 ps delay times are sufficient for video rate displays
and we believe further improvements in switching speed can
be made, perhaps large enough that 1 MHz switching frequen-
cies could be obtained.?*!

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lectively, the results suggest that OETs are
promising candidates for the backplanes of
printed AMOLED displays.

2. Characteristics of OETs and OLEDs

Staggered electrolyte-gated OTFTs were fabricated by aerosol
jet printing following previously reported procedures (see
Figure 1a).1621 The dielectric layer, formed by a gelating tri-
block copolymer [poly(styrene-b-methylmethacrylate-b-styrene)]
and a room temperature ionic liquid (1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFESI]))
(Figure 1b), was printed on top of a P3HT semiconducting thin
film (Figure 1c). Gold and the conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
were used as source/drain and gate electrodes, respectively.
When a negative bias is applied to the gate electrode, ions pen-
etrate the semiconducting layer, oxidizing it and creating a high
conductance channel between the source and drain electrodes.
At the same time part of the PEDOT:PSS is reduced to a lower
conductance state. Unwanted effects related to the decrease of
the PEDOT:PSS conductance are avoided by employing a highly
conductive PEDOT:PSS electrode exceeding the channel layer
in thickness and lateral dimension.

Adv. Funct. Mater. 2012, 22, 1623-1631
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Figure 2. a) Quasi-equilibrium transfer characteristics of a gel-
electrolyte gated organic transistor in linear ( Vp =-0.1 V) and saturation
(Vo =-1.5V) regimes (sweep rate =50 mV s7'). Transistor channel length
(L) and width ( W) are L = 10 um and W = 100 um, respectively.
b) Quasi-equilibrium current—voltage and luminance—voltage character-
istics for a green G-EML OLED. In the forward regime the Al cathode is
negatively biased relative to the indium tin oxide (ITO) anode. The inset
in b shows the geometry of the OLED. c) Scheme of the spatial composi-
tion of the green G-EML OLED. The anode is at 0 nm while the cathode
is at 100 nm. The composition of the phosphor is kept constant at 2 wt%
throughout the structure.

Figure 2a displays the quasi-equilibrium transfer charac-
teristics of an OET in the linear (drain voltage Vp = -0.1 V)
and saturation (Vp = -1.5 V) regimes. Unique features of this
device are high p-type transconductance, low hysteresis, low
subthreshold voltage slope and low turn-on voltage (Voy = 0 V).
Moreover, the transistors are reasonably stable under gate
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voltage stress?’] and there is good uniformity between the

characteristics of different devices printed on the same
substrate.[1®21] These properties, together with the low para-
sitic resistance at the injecting/extracting contacts?®l and the
absence of short channel length effects,*”) meet several require-
ments for the fabrication of high resolution active matrix light-
emitting displays.1*%!

It is important to point out that OETs exhibit relatively high
OFF-state leakage current. In Figure 2a we see that the level of
the OFF-current is reasonably low when the transistor operates
in the linear regime (low Vp), but that the current increases
when high voltage is applied between the source and drain
electrodes. The cause of this is under investigation and may
be related to water or impurities in the electrolyte (the devices
are printed in air). High OFF currents can in principle cause
problems for displays, e.g., poor pixel contrast control and
high power consumption. However, wiring an OET in series
with an efficient OLED that itself has high OFF state resist-
ance can mitigate this problem. Furthermore, even for silicon
backplanes leakage is a common issue, and different circuit
designs have been implemented to bypass it.31-33 The standard
two-transistor active matrix can be replaced, for example, by a
three-transistor geometry in which leakage current effects are
significantly minimized.

For light emission, we employed bottom-emission OLEDs
comprising a single-layer, graded-composition emissive layer
architecture (G-EML).?% Typical current density—voltage and
luminance-voltage characteristics are shown in Figure 2b with
a schematic of the single-layer OLED shown in the inset. The
G-EML contains a high concentration of hole transport mate-
rial at the anode and electron transport material at the cathode
with a continuously varying composition across the active layer.
The phosphorescent guest is uniformly doped throughout the
structure, shown schematically for a green G-EML OLED in
Figure 2c. This device architecture exhibits low leakage currents
(<1 nA cm™) and high external quantum efficiency (EQE) as a
result of a high degree of charge confinement. Additionally, the
G-EML devices show low turn-on voltages of =2.6 V and steep
luminance-voltage characteristics leading to high luminance
at low voltage (=900 cd m™2 at 4.2 V). The combination of low
leakage currents and steep current density-voltage dependence
lead to high rectification ratios (=10° at £3 V) for the G-EML
OLEDs.

3. OET-Driven OLED Pixels

3.1. Quasi-Equilibrium Characteristics

In order to examine the suitability of OETs for light-emitting
display applications, we first characterized integrated devices
made by a single stand-alone transistor placed in series with
the OLED. The transistor that drives the light-emitting unit in a
display is the most prone to fast degradation. Indeed, the driver
must support part of the supply voltage (Vpp), i.e., the bias
between the transistor source electrode and the diode cathode.
The required Vpp depends on the OLED efficiency, on the char-
acteristics of the transistor (mainly its transconductance), and
on the brightness level that must be achieved. Vpp is commonly
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Figure 3. Optical and electrical characteristics of an OET/OLED integrated device using a green G-EML OLED. a) Circuit diagram showing the driver
TFT in series with the light-emitting unit. b) Luminance vs. supply voltage (Vpp) at different gate voltages (Vare) and c) luminance vs. gate voltage at
different Vpp. d) Current density at the OLED cathode versus Vgare for different Vpp. Transistor channel length and channel width are L = 20 um and
W =200 um. The diameter of the OLED is d =1 mm. In the inset of (b) pictures of the light-emitting unit at different brightness are also reported.

greater than the electrochemical stability window of electrolytes
(approximately £3 V), which is a potential problem for OETs.

A single OET (W/L = 10) was connected in series with an
OLED (1 mm diameter), as indicated in the circuit diagram of
Figure 3a. The optical and electrical characteristics of the inte-
grated device are reported in Figure 3b—d as a function of Vpp
and driving voltage (Vgarg). Pictures in the inset of Figure 3b
show the optical output of a green OLED driven by a single
OET at different Vpp values and with the same gate voltage
(Voare =-0.6 V).

From Figure 3b, where the OLED luminance is reported
versus the supply voltage at different gate voltages, we note
that low supply voltages are sufficient to properly drive the
OLED. Green G-EML OLEDs can be driven with an OET up
to =900 cd m~2 with sub-1 V gate voltages and with a supply
voltage Vpp = —4.2 V, as shown. This brightness level fully sat-
isfies the requirement for indoor display applications and it is
the same level that can be reached with the stand-alone OLED
at the same applied voltage (Vcarnope = Vpp)- Thus, the OET
is not the current bottleneck for the integrated device. Indeed,
by comparing Figure 3b with the luminance-voltage character-
istics of the stand-alone diode (Figure 2b), we note that when
the transistor is fully ON (Vgarg = —0.6 V) there are no differ-
ences between the luminance vs. supply voltage response of the
stand-alone OLED and the integrated device.

Figure 3c,d show the dependence of luminance and OLED
current density on gate voltage for different fixed Vpp values.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

When the driving transistor is gated with low negative or posi-
tive biases, the OLED brightness is significantly suppressed, as
expected, Figure 3c. The limit of zero light emission is achieved
when the gate electrode is grounded and maintained when a
low positive gate bias is applied. A sharp increase in the lumi-
nance is observed when the gate voltage is swept negatively
with Vpp > -3 V. Indeed, the OET turns ON abruptly, because
of the extremely low sub-threshold swing and properly drives
the OLED at gate voltages smaller than -1 V. At sufficiently high
Viare the OLED luminance saturates to the maximum bright-
ness of the stand-alone OLED at Vcartops = Vop- The OLED
current density also saturates and follows the same trend as the
luminance data (compare Figure 3c,d). In this case, the optical
responses of the stand-alone OLED and of the integrated device
are exactly the same and the output current of the transistor
exceeds what is required to drive the diode at the given supply
voltage. In other words, the saturation of the luminance versus
Veare characteristics and current density versus Vgarg char-
acteristics in Figure 3c,d indicate that the OLED, and not the
OET, limits the current, as is desired.

3.2. Device Operation Mechanism and Geometrical Scaling
The satisfactory operation of the integrated OET/OLED device

for supply voltages as large as Vpp = —4.2 V is initially some-
what surprising, as the voltage might be expected to cause

Adv. Funct. Mater. 2012, 22, 1623-1631
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Figure 4. Voltage drop at the transistor/OLED common electrode
(VanopE) Vs. gate voltage (Vgarg) at different Vpp. During operation of
the integrated device most of the applied Vpp drops on the OLED, pre-
venting degradation of the electrolyte-gated transistor. A diagram of the
circuit is shown in the inset. Maximum leak current in the OFF state is
also limited by the diode.

breakdown of the gate electrolyte in the OET. However, it
turns out that the effective voltage drop across the OET is
always <|-2 V|. This can be seen in Figure 4, where we report
the voltage drop at the transistor/OLED common electrode
(VanopE) Vversus gate voltage at different supply voltages Vpp. It
is evident that at negative Vgarg, when the driver transistor is
ON, the supply voltage Vpp, drops exclusively on the OLED and
zero potential is recorded at the common electrode (Vinope =
0 V). On the other hand, when the gate voltage is swept posi-
tively to achieve the pixel OFF state, Vanopr gradually transi-
tions from ground to a finite value that depends on Vpp. The
OFF state is the operation regime in which OET degradation
could occur. However, even at a supply voltage of —4.2 V (cor-
responding to =900 cd m™2) only a fraction of Vpp drops on
the TFT. This is because the transistor OFF-state is character-
ized by a non-negligable leakage current (Figure 2a), so that
the voltage drop across the OET is smaller than for an ideal
transistor with negligible leakage. At a supply of voltage of
Vpp = —4.2 V, the maximum potential difference between the
transistor source and drain electrodes is =1.6 V, a voltage value
that is far below the limit imposed by the electrochemical
window of the employed electrolyte. Previously reported studies
have demonstrated that when sub-2 V voltages are employed,
OETs are reasonably stable under gate bias stress and after
several hours of dynamic operation.l'®?’] Note that OFF-state
leakage current through the integrated device is limited by the
diode, and proper sizing of the OLED and OET components
can minimize OFF-state power dissipation.

We also examined how the dimensions of the driver TFT
influence the performance of the integrated device. Our pur-
pose is to show that the transistor footprint is not a limiting
factor for the fabrication of high-resolution active matrix dis-
plays. The same OLED was driven by two sets of different OETs:
transistors with the same channel width (W = 500 pm) but dif-
ferent channel lengths (10 um < L < 500 um), and transistors
with the same channel length (L = 20 um) but different channel

Adv. Funct. Mater. 2012, 22, 1623-1631
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Figure 5. Luminance vs. gate voltage characteristics for different OET/
OLED devices made with transistors having different channel lengths
(L) and the same channel width (W). In the inset, the turn-on voltage of
the optical output (Vi ym) is reported as a function of channel width for
OETs with the same channel length. All measurements were carried out
at constant supply voltage Vpp =—4.2 V. The light-emitting unit is a green
G-EML OLED with a diameter of 1T mm.

width (20 um < W < 500 um). Figure 5 shows the luminance—
voltage characteristics of integrated devices made with transis-
tors of different channel length. In the inset of Figure 5, we also
report the onset of light emission (Viyy) versus the width of
the TFT channel. Data reported in the inset refer to transistors
with the same channel length. It is evident that by employing
long channel TFTs or devices with small channel width, higher
gate voltages must be applied in order to reach the maximum
OLED brightness at Vpp = —4.2 V. The luminance voltage onset
is inversely proportional to the channel width-to-length ratio.
However, the current density provided by an OET (gated well-
above the threshold voltage) is orders of magnitude higher than
that required by the light-emitting unit, so that even devices of
unlikely low width-to-length ratio (e.g., W/L = 1) can properly
drive the OLED at =900 cd m~2 with low applied gate voltages
(IVgarel< 1 V). Therefore, the pixel addressing circuit can have
extremely reduced footprint with respect to the light-emitting
unit when OETs are employed. High-resolution light-emitting
displays could be fabricated with a simple “parallel-placed”
geometry in which both transistors and bottom-emission
OLEDs are side-by-side on the same substrate level.

3.3. Dynamic Characteristics and Stability

After characterization of integrated OET/OLED devices in the
quasi-equilibrium regime, we determined their response to
a dynamic gate bias. The driver TFT was gated with a square
wave-function (0 < Vgarg < —0.64 V) at different frequencies,
while a constant supply bias Vpp = —4.2 V was applied between
the transistor source and the diode cathode. Consequently, the
output of the OLED was modulated in time. In Figure 6a,b
we report the optical output of a green OLED and the voltage
signal applied to the gate of the driving TFT versus time. The
gate modulating signal was a square wave-function at 10 Hz
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Figure 6. Optical response of an OET/OLED integrated device under dynamic operation. a) Luminance and driving TFT gate voltage vs. time at 10 Hz
and b) luminance and TFT gate voltage vs. time at 100 Hz. In both cases the constant supply voltage is Vpp =—4.2 V. ¢) Gate stress measurement on
an integrated device at switching frequency of 10 Hz and at a constant supply voltage Vpp =—4 V. The upper and the lower panels report the applied

gate voltage and the device optical output versus time, respectively.

(Figure 6a) and 100 Hz (Figure 6b). We note that at 10 Hz the
OLED emission perfectly follows the gate signal, switching from
a maximum value of =900 cd m™? (ON-transistor at Vgarg =
-0.64 V) to =0 cd m™? (OFF-transistor at Vgarg = 0 V). Sim-
ilar behavior is observed when signals with frequencies up to
60 Hz are employed. However, as the frequency increases to
100 Hz, the OLED contrast decreases. The integrated device still
responds quickly to the gate signal, but a substantial increase of
the OLED brightness during the transistor OFF-state is observed
(Figure 6b). Indeed, at high switching frequencies, the OET
can still provide enough current to properly drive the OLED,
but the device leakage current increases so that the OLED
light emission cannot be completely suppressed. The increase
of the leakage current is due to less effective electrochemical
dedoping of the semiconductor at high switching frequencies
(reduced ion diffusion from the channel into the dielectric),?’]
and to the contribution of the capacitive current. These effects
could be minimized by further optimizing the printing process
(giving thinner semiconducting and electrolyte-dielectric layers)
and by reducing the dimensions of the source/drain electrodes.

In Figure 6¢ we report the stability of the integrated devices
under dynamic operation. A green OLED was driven by a single
OET at a gate switching frequency of 10 Hz and at constant
supply voltage Vpp = —4 V. This is the Vpp at which luminance
suitable for display applications (=500 cd m™) can be achieved
with these devices. In order to clearly detect degradations of
the device efficiency, the driving transistor was gated at low
voltage (Vgare = —0.6 V), e.g., close to the voltage edge at which

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

saturation of the driving current occurs. The gate voltage and
the luminance of the OLED are reported versus time in the
upper and lower panels of Figure 6¢, respectively. We note that
the integrated device is reasonably stable under bias stress con-
ditions and that after 2 h of dynamic operation the diode optical
output still follows properly the gate modulation. Indeed, there
are no remarkable changes in the falling and rising edges of the
optical signal or in the brightness level of the device OFF-state.
However, during the stressing period there is a =20% decrease
of the maximum OLED luminance. This can be attributed to
degradation of both the driving TFT (shift of the threshold
voltage and decrease of the total output current) and of the
OLED.

4. Active Matrix Organic Light-Emitting Diodes

After the optical/electrical characterization of OLEDs driven by
single OETs, we fabricated and characterized all-organic active
matrix pixels. G-EML OLEDs of the three additive colors (red,
green, and blue (RGB)) were combined with two printed OETs
giving simple all-organic light-emitting pixels. We limited our
attention to stand-alone pixels, without making an attempt to
fabricate a full-color RGB active matrix display. The latter would
require complex shadow mask patterning during the OLED fab-
rication that is beyond the scope of the present work. Moreover,
transistors and OLEDs should be isolated with a low-permeability
encapsulating layer so as to avoid both performance degradation
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Figure 7. All-organic active matrix red, green, blue light-emitting pixels. a) Photographs of stand-alone red and blue pixels driven by a separate (not
integrated) two-transistor circuit and b) green AMOLED pixels integrated with OETs on the same glass substrate. c¢) Quasi-equilibrium and d) dynamic
characteristics of the green pixel at constant supply voltage Vpp =—4.2 V. The inset in (c) shows the circuit diagram. Ty (W =100 um, L =10 um) and
T, (W =200 um, L =10 um) are the switching and the driving transistors, respectively.

by moisture and oxygen and contamination of the OLED by
ions from the gate-electrolyte.

Stand-alone red and blue OLEDs were driven by a separate
circuit made by two OETs (switcher and driver; Figure 7a).
Moreover, green AMOLED pixels, composed of the light-emit-
ting unit and two transistors, were integrated on a single glass
substrate with lithographically patterned ITO and gold elec-
trodes (the OLED anode and the circuit electrodes, respectively)
(Figure 7b). As shown in Figure 7a,b, G-EML OLEDs of the
three additive colors can be properly driven by the two-tran-
sistor circuit. At a supply voltage Vpp = —4.2 V and with sub-1
V gate voltages, brightnesses of =900 cd m=? were achieved
with green OLEDs, whereas red and blue devices had a max-
imum luminance of =20 cd m~2 and =400 cd m™2, respectively.
Notably, the pixel addressing circuitry has negligible footprint
with respect to the dimension of the OLED, as is clear from
the magnified picture of a green pixel in Figure 7b. Figure 7c,d
show representative quasi-equilibrium and dynamic character-
istics of the green OLED pixel shown in Figure 7b. A diagram
of the two-transistor circuit we employed is reported in the
inset of Figure 7c. T, is the switching transistor, i.e., the device
that controls writing and holding of data signals (Vj,,) through
the applied gate bias (Vieeo), and T, is the driving transistor,
i.e., the transistor that provides current to drive the OLED. Note
that in this simple geometry no storage capacitor is employed.
During the pixel dynamic operation, the information (Vg,,)
is stored on the parasitic capacitance of the driver TFT. From
Figure 7c, where the quasi-equilibrium luminance of the pixel
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is reported versus Vg, for different V.., we see that when the
switching transistor is fully ON (Vigjeet = —0.8 V), the luminance
trend is similar to that for the single-transistor integrated device
at the same supply voltage Vpp =—4.2 V (Figure 3c). Luminance
is zero at low applied Vy,;, and increases until saturation when
the data signal is swept from positive to negative because the
data are directly transferred from the switching transistor to the
gate of the driving transistor. On the other hand, light emis-
sion is suppressed when the gate of the switching transistor is
grounded at Ve = 0 V. In this case T; is OFF and T, is iso-
lated from Vj,, so that no dependence of the OLED luminance
with respect to Vy,, is observed. The current delivered by the
driver to the light-emitting unit is the transistor leakage current
at VGATE =0 V.

In order to simulate the operation of the single pixel in an
AMOLED display, we also characterized the device dynamic
response (Figure 7d). A pulsed gate bias was applied to the
switching OET in order to turn it ON allowing a simultaneous
data pulse to be applied to the driver OET gate. V. Went
from 0 V to —0.6 V, whereas Vg, from 0 V to —-0.96 V. In both
cases, the pulse width and the frequency were 1 ms and 60 Hz,
respectively. In an active matrix light-emitting display these
values would correspond to a 16.7 ms frame time and scan duty
factor per line of 1/16. From Figure 7d we see that the pixel
responds without significant delay to 1 ms applied pulses and
that a considerable brightness level can be reached. However,
the device characteristics are clearly not ideal. During dynamic
operation, the luminance at Vpp = —4.2 V is lower than that
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achievable under quasi-static conditions. Also, the data infor-
mation is not retained during the refreshing period, so that the
OLED brightness slowly decreases during the first half of the
period and then quickly drops to zero. This is due to the effect
of the switching TFT leakage current and to the lack of an addi-
tional storage capacitor that could minimize this contribution.
However, we believe that improvement of the active matrix
dynamic characteristics is possible. Besides optimization of the
printing process, SPICE modeling could be used to determine
suitable dimensions of transistors and light-emitting unit and
the optimal working biases of the circuit. Moreover, more com-
plex voltage-driven active matrix geometries could be employed
to reduce both leakage-related issues and the degradation of the
transistor/OLED characteristics.[3*3%:3¢]

5. Conclusions

We have shown for the first time that printed OETs can be suc-
cessfully employed to control high efficiency red, green, and
blue AMOLEDs. The OET/OLED all-organic pixels are stable,
have high brightness, and have extremely low operation voltage
devices in which the driving circuit has reduced area with
respect to the OLED. The pixels are operated up to 900 cd m™2
with supply voltages near 4 V and sub-1 V driving voltages.
These voltages are at least one order of magnitude lower than
that required by a light-emitting active matrix in which organic
transistors with conventional dielectrics are employed. Essen-
tial to this demonstration are the high transconductance of
the OETs and the high efficiency/rectifying behavior of the
graded emissive layer, phophorescent OLEDs. Collectively, the
results suggest that printed OETs, combined with efficient, low
voltage OLEDs, could be employed in the fabrication of flex-
ible full-color organic light-emitting displays. Ongoing work
will focus on achieving full integration of these devices on flex-
ible substrates and further improving the dynamic response of
the pixels by addition of a storage capacitor and minimizing
leakage currents.

6. Experimental Section

Device Fabrication: Printed OETs were fabricated with an aerosol jet
printer (Optomec Inc.). A chloroform solution of P3HT was printed on
top of photolithographically pre-patterned gold source/drain contacts
and was covered by sequential printing of an ion gel dielectric layer and
a PEDOT:PSS gate electrode. The ion gel was an electronic insulator,
made by a gelating triblock copolymer PS-PMMA-PS swollen with a
room temperature ionic liquid ([EMIM][TFSI]).[®l

OLEDs were prepared on glass substrates coated with a 150-nm-thick
layer of ITO. The composition gradient was achieved by carefully controlling
time-varying deposition rates following ref. [26]. Green G-EML OLEDs
were fabricated using 4,4”,4”-tris(carbazol-9-yl) triphenylamine (TCTA)
and 4,7-diphenyl-1,10-phenanthroline (BPhen) as hole- and electron-
transporting host materials, respectively, with the green phosphorescent
emitter fac-tris(2-phenylpyridine) iridium (I11). Red G-EML OLEDs were
fabricated using TCTA and BPhen as hole- and electron-transporting
host materials, respectively, with the red phosphorescent emitter
bis(1-phenylisoquinoline)-(acetylacetonate) iridium (IIl). Blue G-EML
OLEDs were achieved using TCTA and 2,2’,2”-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) as hole- and electron-transporting
host materials, respectively, with the blue phosphorescent emitter
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bis(3,5-difluoro-2-(2-pyridyl) phenyl (2-carboxypyridyl)iridium IlI. Devices
with different cathode dimensions were finished by evaporation of LiF
and Al through a shadow mask.

Electrical and optical characterizations were performed on stand-alone
transistors and OLEDs made on different substrates and electrically
connected. Results were also confirmed by testing green pixels fabricated
on the same glass substrate. In this case, a two-mask photolithography
process was used to pattern the ITO-covered glass substrate and to align
the gold electrodes with the ITO-patterns. Different materials for the
OLEDs and transistors were then evaporated and printed in succession
on the substrate.

Electrical and  Optical ~Measurements: Electrical and optical
characterizations were carried out in a nitrogen-filled glove box
equipped with two different probe stations. Transistors and OLEDs
were characterized in separate probe stations (one of which enabled
installation of the photodiode) and then electrically connected to analyze
the response of the integrated device. Device quasi-equilibrium electrical
characterizations were performed with two Keithley 236 source/
measurements units and a Keithley 6517 electrometer. Simultaneously,
the optical output of the light-emitting unit were recorded with a Keithley
6517 electrometers connected to a Newport 818-ST calibrated silicon
photodetector. In order to characterize the device dynamic response, two
Agilent 33220 arbitrary-waveform generators and a Stanford Research
SR570 current amplifier connected to a Tektronix TDS1002B were used
as input voltage supplies and converting/recording system of the OLED
optical signal, respectively.
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