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The minimum energy per bit obtained with our
sharpest (~20 ns) pulses is of the order ~100 fJ.
However, the linear trend of V't with nanogap
size (Fig. 4B) reveals that such devices are highly
scalable and suggests that ~5-nm GST bits with
CNT electrodes could operate at ~0.5 V and
<1 pA, such that nanosecond switching times
(29, 30) would lead to sub-femtojoule per bit en-
ergy consumption [for additional estimates see
section 6 of (/9)]. Low-voltage operation could
also be achieved by using materials with lower
threshold fields, such as GeSb (27). These results
are encouraging for ultralow-power electronics
and memory based on programmable PCM with
nanoscale carbon interconnects.
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Low-Voltage, Low-Power, Organic
Light-Emitting Transistors for
Active Matrix Displays

M. A. McCarthy,™? B. Liu,* E. P. Donoghue, I. Kravchenko,? D. Y. Kim,? F. So,? A. G. Rinzler™*

Intrinsic nonuniformity in the polycrystalline-silicon backplane transistors of active matrix
organic light-emitting diode displays severely limits display size. Organic semiconductors

might provide an alternative, but their mobility remains too low to be useful in the conventional
thin-film transistor design. Here we demonstrate an organic channel light-emitting transistor
operating at low voltage, with low power dissipation, and high aperture ratio, in the three primary
colors. The high level of performance is enabled by a single-wall carbon nanotube network
source electrode that permits integration of the drive transistor and the light emitter into an
efficient single stacked device. The performance demonstrated is comparable to that of
polycrystalline-silicon backplane transistor-driven display pixels.

rganic light-emitting diode (OLED) dis-
plays have well-recognized advantages
in power consumption, pixel brightness,
viewing angle, response time, and contrast ratio
over liquid crystal displays (LCDs) (/). The pri-
mary technical challenge preventing wider com-
mercial implementation remains the drive transistor
in the active matrix (AM) backplane. Amorphous
silicon (a-Si), the transistor channel material that
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sources the voltage to switch AM-LCD pixels,
has a low mobility (~1 cm? V' s) (2). To drive
the currents necessary for OLEDs would require
higher drive voltages, consuming power; more-
over, its stability is unacceptable for AMOLED
pixels (3, 4). For small AMOLED displays now
in some handheld devices, the solution has been
to use low-temperature polycrystalline silicon (poly-
Si). However, poly-Si adds processing steps,
time, and expense to the device fabrication (3, 6).
Poly-Si also suffers from a more fundamental
limitation: variation in the size, orientation, and
number of the large polycrystalline grains (im-
portant to its high mobility for sourcing the high
drive currents) leads to pixel-to-pixel inhomo-
geneity (7). This limits the production yield and

becomes an increasingly severe problem with
increasing display size.

Organic semiconductor channel materials are
attractive for their homogeneity, low cost, and the
variety of means by which they can be deposited,
but their best mobilities are similar to that of a-Si.
In the typical thin-film transistor (TFT) archi-
tecture, low-mobility channel layers would require
a large source-drain voltage to drive the necessary
current. This consumes power in the transistor (as
opposed to light production in the OLED), com-
promising the power savings. In one all-organic
AMOLED demonstration, more power was dis-
sipated in the drive transistor than in the OLED it
was powering (8). Mitigating this by increasing the
channel width of the drive transistor to source more
current is not viable; to do so would reduce the
fraction of pixel area available to the OLED,
requiring a higher current density through the elec-
troluminescent emitter to maintain the display
brightness, reducing OLED lifetime (9). Alter-
natively, the low mobility of the organics could
be compensated by making the channel length
short, placing the source and drain terminals very
close to each other; but that incurs the expense of
high-resolution patterning.

We recently demonstrated a carbon nanotube
enabled vertical field effect transistor (CN-
VFET) that, intrinsic to its architecture, permits
short channel lengths without high-resolution
patterning and gave on-currents sufficient to drive
OLED pixels at low operating voltages (/0). Here,
to realize the full benefit of the architecture, we
integrate the OLED into the CN-VFET stack. We
call such a device a carbon nanotube enabled ver-
tical organic light-emitting transistor (CN-VOLET)
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(11). Here red, green, and blue CN-VOLETs are
demonstrated that take full advantage of the
low power dissipation of the integrated drive
transistor and, further, exploit the high transmit-
tance of the nanotube source electrode—greater
than 98% across the visible spectrum—to yield
a light-emitting transistor that emits light across
its full aperture.

Vertical-type organic light-emitting transistors
(OLETs) of varied designs and operating prin-
ciples have appeared in recent years (/2—8). The
best performance was demonstrated by Nakamura
et al. (18) in an architecture designated a metal in-
sulator semiconductor (MIS)-OLET. Their Ir(ppy)s
emitter-based OLET possessed an effective aper-
ture ratio (19) of 45% and achieved a brightness
of 500 cd/m? at gate and drain voltages of —30 V
and —13.3 V, respectively. For a typical Ir(ppy)s

Fig. 1. Schematics of the red,
green, and blue CN-VOLETs. The
base of the device (i.e., the sub-
strate, gate, source, and channel
layers) is the same for each col-
or device.
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OLED to emit at this luminous flux through an
aperture transmitting 45% of its light, the OLED
would need to emit at 1100 cd/m?, which would
in turn require a cathode-anode voltage of ap-
proximately —6.5 V (20). This implies that —6.8 V
of the —13.3 V drain voltage used by the MIS-
OLET was dropped across its integrated “tran-
sistor” portion, which then dissipated 51% of the
total power.

Our CN-VOLET can be thought of as an
OLED stack inserted between the organic semi-
conductor of a CN-VFET and its drain electrode
with the latter made an electron-injecting, low—
work function metal (Fig. 1) (0, 11). The CN-
VFET substructure thus controls hole injection
into the OLED layers. In the CN-VFET the nano-
tubes are spread as a dilute network, well above
electrical percolation [image in fig. SIA and
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Table 1. CN-VOLET organic layers chemical name and function.
Abbreviation Chemical name Function

DNTT Dinaphtho-[2,3-b:2,3"flthienol[3,2-b]- High-mobility channel
thiophene layer

TFB Poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)- Planarization channel
diphenylamine) layer

TAPC 1,1-Bis[(di-4-tolyamino)phenyl]cyclohexane Hole transport layer

CBP 4,4-N,N-dicarbazole-biphenyl Emitter host (green)

mCP N,N'-Dicarbazolyl-3,5-benzene Emitter host (red, blue)

Ir(MDQ), Iridium(I11)bis(2-methyldibenzo[f,hlquinoxaline) Red emitter
(acetylacetonate)

Ir(ppy)s Fac-tris(2-phenylpyridinato)iridium(ill) Green emitter

Firpic Bis[(4,6-di-fluorophenyl)-pyridinate- Blue emitter
N,C2'picolinate

3TPYMB Tris[3-(3-pyridyl)-mesityl]borane Electron transport layer

REPORTS

transmittance spectrum in fig. S1B (27)] across
the gate dielectric sitting on a bottom gate elec-
trode. A metal electrode provides electrical contact
along one edge of the network. Because the nano-
tubes are used as the source electrode, rather than
as the active channel, no separation of metallic
from semiconducting nanotubes is necessary. The
organic channel layer is deposited as a thin film
across the nanotubes and the exposed dielectric,
and finally, in the case of the CN-VFET, a metal
drain electrode is deposited onto the organic
channel layer, completing the device. The trans-
conductance originates from a gate field—induced
modulation of the Schottky barrier height and
width between the nanotubes and the organic
channel layer (/7). Insertion of the OLED layers
between the CN-VFET channel layer and the
drain integrates the driving transistor and the
light emitter in the single, stacked device. Be-
cause of the strong gate coupling to the nanotube
source electrode, the Schottky barrier modulation
alone is sufficient to turn the devices off without
the need for an overlying insulator as required by
the MIS-OLET (/8) and responsible for limiting
its aperture ratio. Combined with the high optical
transmittance of the nanotube source electrode and
a transparent indium tin oxide (ITO) gate, our
bottom emitting devices radiate light across their
full aperture.

Figure 1 shows a schematic cross section of
the CN-VOLET fabricated for each primary col-
or. The material of each layer is listed in Table 1.
The DNTT (22) organic channel layer, made
thick to eliminate shorting paths from residual
particulates in the carbon nanotube (CNT) source
material, acquired a rough surface morphology
(23) as indicated by the spikes in Fig. 1. Non-
trivial planarization and strategic doping (24, 25)
were used to overcome the issues arising from this
roughness. Complete fabrication details including
extensive experiments required to overcome the
CN-VFET substructure roughness are provided
in (21).

In operation, the CNT source electrode was
held at ground potential, and the drain and gate
were biased relative to ground. Figure 2 plots the
performance characteristics for each color de-
vice. Current density and luminance versus volt-
age (J-L-V) output curves (Fig. 2, A to C) and
transfer curves (Fig. 2, D to F) are shown. Each
color CN-VOLET operates at a gate voltage (V)
range of +3 V; the luminance surpasses 500 cd/m?
at drain voltages (Vp) of =6.8 V (red), -4.9 V
(green), —5.7 V (blue), with contrast ratios (ratio
of the luminance at a given V', between the on
and off states) approaching 10%. These voltages
are well within the range of typical poly-Si—based
AMOLEDs (26, 27). Negligible hysteresis was
observed in the dual scan direction transfer
curves (Fig. 2, D to F) (28). The gate leakage
current density (Jg) remains below the drain
current density (/p) by one order of magnitude
or more in the off state (Vg =+3 V) and by three
orders of magnitude or more in the on state (Vg =
=3 V). Optical micrographs for each color (Fig.
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Images of the corresponding color CN-VOLET pixels (1 mm by 1 mm) below the  which is also representative of the red and green CN-VOLETs in the off state.
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and on the cathode (anode grounded) of the OLED. Comparison of current efficiencies
of (D) red, (E) green, and (F) blue CN-VOLETs (V = —3 V) to their respective OLEDs.
Negligible light is absorbed and/or scattered in the base layers of the CN-VOLET.
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Table 2. Turn-on voltages (29) and current ef-
ficiencies of red, green, and blue CN-VOLETs com-
pared with their respective OLEDs.

REPORTS

Table 3. Comparison of effective aperture ratio and parasitic power dissipation percent between various
OLED driving schemes.

Device* Reference Effective Parasitic power
Device Red Green Blue aperture ratiot dissipation
Turn-on voltage (V) TFT + OLED 8) 50% 53%
CN-VOLET _257 _252 _271 MIS-OLET (18) 45% 51%
OLED 260 -253 -_281 CN-VOLET This work 98% 6.2%
Luminance Current efficiency *All devices use the green phosphorescent emitter Ir(ppy)s. 1This parameter excludes the switching TFT and addressing
(cd/m?) (cd/A) lines (29). tPercentage of power dissipated across the driving transistor portion of the device not contributing to light
CN-VOLET 250 12.5 48.0 233 generation; at 500 cd/m? display brightness (30).
OLED 12.4 49.8 23.9
VOLET’s ~6%—more than a factor of 8 dif-  17. H. Yamauchi, M. lizuka, K. Kudo, Jpn. J. Appl.
CN-VOLET 500 121 472 228 ference. Currents in our pixel off state are higher Phys. Part 1 46, 2678 (2007).
OLED 12.3 48.3 23.1 18. K. Nakamura et al., Jpn. ]. Appl. Phys. 47, 1889

2G) show highly uniform light emission across
the 1 mm by 1 mm pixels.

To determine the performance losses incurred by
the integrated drive transistor in the CN-VOLETs
relative to simple OLEDs, we fabricated control
OLEDs on ultraviolet-ozone—treated ITO in the
same evaporation runs that deposited the OLED
layers on the CN-VOLETs. Figure 3 compares the
OLED and CN-VOLET devices. In all cases, the
CN-VOLET gate voltage was —3 V. The CN-
VOLETs all turn on (29) at voltages slightly below
that of their corresponding OLED (Table 2).

By comparing the current efficiency (i.e., the
amount of light emitted per unit of current) for
each CN-VOLET to that of its corresponding
control OLED, we can quantify the decrease in
light output incurred by the integrated transistor
layers in each of the devices. The current efficiency
for each CN-VOLET and its corresponding OLED
are plotted as a function of luminance in Fig. 3, D
to F, as the drain voltage for the CN-VOLET and
the cathode voltage for the OLED were each swept
from 0 V to the terminal value of the sweep in-
dicated at the arrow. As is evident there, the in-
tegrated transistor layers have a negligible effect on
the current efficiency. Table 2 compares the current
efficiencies of the CN-VOLET and OLED at
moderate and high brightness. Averaging these
values indicates that, for equal luminance, the CN-
VOLET emits light with 98% the current efficiency
of the control OLED. Because the CN-VOLET
emits light across its entire face, the effective
aperture ratio (/9) of the CN-VOLET can ration-
ally be taken to be 98%.

The control OLEDs can also be used to
determine the parasitic power consumption of the
integrated transistor layers in the CN-VOLETs.
At a display brightness of 500 cd/m? the tran-
sistor elements account for only 19, 6, and 15%
of the total power consumption in the red, green,
and blue pixels, respectively. Published organic
drive technologies that also used the green
phosphorescent Ir(ppy); emitter allow for a direct
comparison (Table 3). At 500 cd/m® display
brightness (30), the side-by-side TFT+OLED
and the MIS-OLET exhibit a parasitic power
consumption greater than 50% against the CN-

than would occur for a conventional lateral
channel TFT driving an adjacent OLED, but
any power saving there would quickly be over-
taken by the lower on-state efficiency of the
latter. Moreover, the off-state power consumption
of our pixels remains quite small. The average
off-state current densities of our devices (Fig. 2)
is 1.7 pA/em?. Fora—5.7 Vaverage drain voltage
(giving a bright on-state average luminance of
350 cd/m?), this yields a power consumption for

(2008).

The effective aperture ratio is defined as the percent
areal coverage of the light-emitting portion of the device
compared to the total area occupied by the driving
transistor, storage capacitor, and light emitter. For the
MIS-OLET and CN-VOLET, the use of a storage capacitor is
unnecessary due to the larger gate capacitance of the
devices. This definition excludes the switching transistor
and addressing lines (necessary components of any
AMOLED display), allowing direct comparison of the
relevant components of an AMOLED pixel that the
CN-VOLET replaces.

19.

a 50-inch (127 cm) diagonal, 16:9 aspect ratio dis- ~ 20. C. Adachi, R. Kwong, S. R. Forrest, Org. Electron. 2, 37
play, with every pixel in its off state, of 67 mW. For (2001).
. PO . Materials and methods are available as supporting
comparison, LCDs of this size consume 100 to 21 mater'iall o gdencz gn“ne ilabl !
200 W, whether their pixels are on or off. Also 25 1. Yamamoto, K. Takimiya, J. Am. Chem. Soc. 129, 2224
listed in Table 3 are the effective aperture ratios (2007).
(19) for the devices. The near-full aperture emis- ~ 23- M. A. McCarthy et al., ACS Nano 5, 291 (2011).
sion (~98%) of the CN-VOLET yields another 24. Iétl)\/(\)z;t)sushlma, C. Adachi, J. Appl. Phys. 103, 034501
major advantage: Because the integrated drive s, s Tokito, K. Noda, Y. Taga, J. Phys. D Appl. Phys. 29,
transistor of the CN-VOLET takes up no addi- 2750 (1996).
tional pixel area, the Iight emitter can occupy more 26. M. Kimura et al., IEEE Trans. Electron. Dev. 46, 2282
: : vt : (1999).
of the plxel area, thereby gchlevmg the same dis- 27. M. H. Jung, 1. Choi, H. J. Chung, O. Kim, Jpn. J. Appl.
p'lay brlghtness at substantla}ly 10wer cment den- Phys. 47, 8275 (2008).
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