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ABSTRACT: Active matrix organic light-emitting diode (AMOLED) display
holds great potential for the next generation visual technologies due to its high
light efliciency, flexibility, lightweight, and low-temperature processing. How-
ever, suitable thin-film transistors (TFTs) are required to realize the advantages
of AMOLED. Preseparated, semiconducting enriched carbon nanotubes are
excellent candidates for this purpose because of their excellent mobility, high
percentage of semiconducting nanotubes, and room-temperature processing
compatibility. Here we report, for the first time, the demonstration of AMOLED
displays driven by separated nanotube thin-film transistors (SN-TFTs) including
key technology components, such as large-scale high-yield fabrication of devices
with superior performance, carbon nanotube film density optimization, bilayer
gate dielectric for improved substrate adhesion to the deposited nanotube film,
and the demonstration of monolithically integrated AMOLED display elements
with 500 pixels driven by 1000 SN-TETs. Our approach can serve as the critical
foundation for future nanotube-based thin-film display electronics.

KEYWORDS: carbon nanotubes, nanotube separation, thin-film transistors,
AMOLED, display electronics

reliability, and processing scalability still need to be further im-

Due to their high light efficiency, superior color purity, low
proved. Recently, we and several other groups have demonstrated

power consumption, large view angle, excellent flexibility,

and low-temperature processing,' ~* organic light-emitting diodes
(OLEDs) are one of the promising candidates for the next
generation display technologies. However, the fabrication of
thin-film transistors (TFTs) in the active matrix (AM) backplane
is still challenging. Unlike the requirement of driving transistors
for the traditional liquid crystal displays (LCDs), where amor-
phous silicon (a-Si) (mobility ~1 cm® V' s )% is applied as
the transistor channel material, higher current drivin§ capability is
needed. Although polycrystalline silicon (poly-Si),”” which has
better mobility (~ 150 cm> V' s '), is used as a temporary
solution for AMOLED display transistors, its high cost, low
transparency, and more importantly, high-temperature proces-
sing, short lifetime, and poor uniformity limit the commercial
implementation of AMOLED displays. Other candidates, such as
organic semiconductor materials, are also attractive, but similar to
a-Si, they also suffer from low carrier mobilities.'®”"*

Compared with the above channel materials, one-dimensional
nanoscale materials, such as semiconductor nanowires (NWs)'3 16
and single-walled carbon nanotubes (SWNTs),'"’"** have the
advantages in terms of mobility, transparency, flexibility, and low-
temperature processing. AMOLED displays using NWs as the active
channel materials have already been demonstrated by our group and
our collaborators before*>** However, the device uniformity,
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high-performance TFTs™ ** using preseparated semiconducting
nanotubes produced by density gradient ultracentrifuge separation
method developed by Hersam and his co-workers.””*° In those
previous reports, transistors exhibit highly uniform electrical perfor-
mance. Besides, due to the use of high-purity semiconducting
nanotubes, high on/off ratio (>10%), excellent on-current density
(~ 1 uA/um at Vp = 1 V), and superior mobility (70 cm®
V' s7') are achieved, which makes such separated carbon
nanotube TFTs (SN-TFTs) very attractive for AMOLED display
applications.

In this paper, we report the first monolithically integrated
AMOLED display with SN-TFT-based control circuit. We have
investigated the relationship between the carbon nanotube film
density and the transistor electrical performance and found the
optimized density for AMOLED applications. Devices with
excellent performance are achieved. In addition, the single pixel
control circuits consisting of two SN-TFTs and one capacitor
are made, and their OLED control capability is well examined.
Finally, we have fabricated and tested AMOLED display ele-
ments with 20 X 2§ pixels driven by 1000 SN-TFTs. Compared

Received:  August 3, 2011
Published: September 26, 2011

4852 dx.doi.org/10.1021/n1202695v | Nano Lett. 2011, 11, 4852-4858



Nano Letters

a

Scan Line T Voo

OLED.

© DatalLine

he pixel T

T lll—u.—"""" DT T

(Ti/Au)

Figure 1. Structure of AMOLED circuit and layout. (a) Schematic diagram for the circuit of AMOLED. Each pixel contains one switching transistor,
one driving transistor, one charge storage capacitor, and an OLED. (b) Top view for the layout of a single pixel AMOLED with an area of 500 x $00 um’.
(c) Cross-sectional view for the structure of the AMOLED pixel consisting of a glass substrate, patterned Ti/Au gate electrode, Al,Oj gate dielectric,
separated CNT thin film for the active channel, Ti/Pd source and drain contacts, integrated OLED (ITO/NPD/Alqs/LiF/Al), and a SiO,

passivation layer.

with conventional platforms, our SN-TFT platform shows signi-
ficant advantages, such as low-temperature processing compat-
ibility, scalability, reproducibility, and device performance, and
suggests a practical and realistic approach for carbon nanotube-
based AMOLED display applications.

Figure la illustrates the schematic diagram of the AMOLED
circuit with the red box showing the circuit structure within one
pixel. Each pixel contains one switching transistor (T,), one
driving transistor (T4), one charge storage capacitor (C,), and
one OLED.® The switching transistor, controlled by the signal
from the scan line, is employed to select one specific row of pixels
in an AMOLED display element by passing the signal from data
line through the channel of the switching transistor to the gate
of the driving transistor. The driving transistor further controls
the output light intensity of the OLED pixel by modulating the
current flowing through OLED. For the line-by-line scanning
technique presented in the display technology nowadays, the
capacitor C; is used to store and stabilize the voltage obtained
from the data line during one scanning period, which is crucial
for dynamic displays. Based on the circuit diagram, the corre-
sponding layout of one pixel is shown in Figure 1b and ¢ (top and

cross-sectional views, respectively). The single pixel layout has a
total area of 500 X 500 m* with OLED area of 200 x 200 #m*
and is designed to be fabricated on glass substrate with patterned
Ti/Au (S A/40 nm) gate electrode, Al,O3 (40 nm) gate dielec-
tric, separated nanotube thin film for the active channel, Ti/Pd
(5 A/50 nm) source and drain contacts, integrated green OLED,
and a 200 nm SiO, passivation layer. The total fabrication con-
sists of 7 photo masks and 15 fabrication steps.

In order to control the OLED intensity, the transistors in the
control circuits need to have high current on/oft ratio and excel-
lent current drive capability. Shorter channel length and higher
nanotube channel network density would lead to high on-current
density, which is needed for OLED display applications. How-
ever, it will also create more metallic nanotube pass in the chan-
nel, which will negatively affect the transistor current on/off ratio.
Therefore, for the OLED control purpose, optimized device geo-
metry and channel nanotube network density are very important.

A 98% semiconducting carbon nanotube solution (from Nano-
integris, Inc.; batch no. S08—665) was used, as suggested
by previous work from our group,”® to produce a uniform,
separated nanotube thin-film on aminopropyltriethoxy silane
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Figure 2. Carbon nanotube TFT performance as a function of nanotube density. (a—c) FE-SEM images of separated CNT thin films with different
densities obtained by tuning the ratio of APTES and IPA used in the surface functionalization process. (d) Relationship between nanotube film density
and APTES: IPA ratio. (e, f) Channel length dependence of device on/off ratio (e) and normalized on current (f) for transistors fabricated on nanotube
films using different APTES: IPA ratios. (blue trace for APTES: IPA = 1:100, red trace for APTES: IPA = 1:10, and green trace for APTES: IPA = 1:1).

(APTES) functionalized Si/SiO, surface by solution-based
deposition technique.”*" After treating the silicon wafer with
a APTES solution and rinsing, the wafer is soaked in the pre-
separated solution of semiconducting nanotubes for 30 min to
give a thin film of carbon nanotubes on the silicon surface. The
nanotube network density can be controlled by tuning the con-
centration of APTES in isopropanol alcohol (IPA) solution used
for SiO, surface treatment, before nanotube deposition. Three
different conditions are studied (APTES:IPA = 1:1, 1:10, and
1:100), and the field-emission scanning electron microscopy
(FE-SEM) images of the resulting nanotube thin-film are ex-
hibited in Figure 2a—c. From the images, one can find that the
nanotube density varies significantly when different volume
ratios of APTES and IPA are used. From Figure 2d, one can
see that the sample with APTES:IPA ratio of 1:1 has low nano-
tube network density (4 tubes/um”), and the uniformity of the
thin-film is poor. For the sample with APTES:IPA ratio of 1:10, a
highly uniform film is obtained with a density of 45 tubes/um”.
Nevertheless, if the solution is further diluted to APTES:IPA =
1:100, the resulting film density decreases to 36 tubes/um”.
When APTES is not applied to the silicon wafer, nanotubes show
very low levels of coverage (<0.5 tubes/um”) under the same
conditions.”® The relationship between nanotube film density
and APTES:IPA ratio can be explained as follows: The APTES
coats the SiO, surface, forming an amine-terminated monolayer,
which captures the nanotubes in solution, binding them to the
substrate to form a uniform thin film. When the APTES concen-
tration is very high, instead of a uniform monolayer, multiple
layers of APTES molecules are stacked onto the SiO, surface,
leading to an uneven amine surface and thus a low density nano-
tube film. As the APTES concentration in IPA is diluted, a
uniform monolayer APTES molecules is formed, which results in
a highly uniform nanotube film with excellent density. However,
when the APTES solution is diluted even further, the APTES

monolayer may have defects and vacancies, so the amine surface
and nanotube film density will decrease again. Atomic force
microscope (AFM) images of the SiO, surface functionalized
with different concentration of APTES solution can be found in
Supporting Information, S1. Overall, by tuning the concentration
of APTES in IPA solution, separated nanotube thin film with
different densities can be achieved.

Subsequently, electrical performance of the nanotube network
with different density is investigated. The 100 transistors with
different channel geometry were fabricated on each sample with
different nanotube density, and the channel length dependence
of device on/off ratio and normalized on current are shown in
Figure 2e and f. From these two plots, one can find that due to the
benefit of high-purity semiconducting nanotube, all the devices
with channel lengths larger than 20 #m have on/off ratios higher
than 10* and transistors made with nanotube film deposited using
an APTES:IPA ratio of 1:10, which gives the highest nanotube
density, also offer the best current driving capability (0.5 #A/um at
Vb = 1V for 20 m channel length devices). Based on the electrical
performance, APTES:IPA ratio of 1:10 and device geometry of
L =20 um, W= 100 ym were chosen as the optimized conditions
for the transistors used in the AMOLED control circuits.

Figure 3 shows the structure and electrical characteristics of
the nanotube transistors used in the AMOLED. For the sake of
two transistors control circuit, individual back-gated device struc-
ture was chosen as shown in Figure 3a, where S A Ti and 40 nm
Au are patterned as the back gate, and 40 nm Al,O; is deposited
by atomic layer deposition (ALD) as the gate dielectric. Due to
the poor adhesion between Al,O3; and APTES molecules, we
have found that the deposited nanotube thin film on Al,O;
surface peels off during the ensuing fabrication steps (Supporting
Information, S2). In order to improve the adhesion, a thin layer
of $iO, (5 nm) was deposited on top of the AL,Oj3 layer using
electron beam evaporator to form a bilayer gate dielectric. With
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Figure 3. Electrical properties of transistors used in the AMOLED circuit. (a) Schematic diagram of the back-gated transistor built on separated
nanotube thin film with Ti/Au (S A/40 nm) back gate, Ti/Pd (5 A/50 nm) contact electrodes, and the Al,O3/SiO, bilayer gate dielectric (40 nm/S nm).
(b) FE-SEM image showing the channel of a back-gated SN-TFT with 20 um channel length. (c) Transfer (Ip— V) characteristics (red, linear scale;
green, log scale) and g,,,—V; characteristics (blue) of a typical SN-TFT (L = 20 ym, W = 100 m) with V, = 1 V. (d) Output (In—Vp) characteristics of

the same device with Vg varying from —5 to S Vin 1 V steps.

the help of the evaporated SiO, layer, uniform nanotube thin
film was achieved as shown in Figure 3b. After the separated
nanotube thin-film deposition, Ti/Pd (5 A/50 nm) was applied
on top of the channel network to form ohmic source and drain
contacts. Finally, the nanotubes outside the channel region were
etched away by photolithography and oxygen plasma. Electrical
properties of a typical transistor are characterized and plotted in
Figure 3c, which contain the transfer (In—V) characteristics
(red curve for linear scale and green curve for log scale) and
gm— VG characteristics (blue) measured with Vi, = 1 V. The on
current at Vp =1 Vand Vg = —5Vis 82.9 uA, corresponding to a
current density of 0.829 yA/um. The on/off ratio exceeds 10*,
and the peak transconductance is 25.5 uS. Based on the trans-
conductance, the device mobility is extracted to be 31.65 cm”
V~'s™'. We note that the parallel plate model is used to estimate
the gate capacitance when calculating the device mobility due to
the complexity of the bilayer gate dielectric structure. If we take
the electrostatic coupling between nanotubes into consideration,
the gate capacitance will be smaller, and therefore, the real mobi-
lity can be larger than the value listed here.*” In addition, the
output (Ip—Vp) characteristics of the same device are also
measured with Vg varying from —5 to 5 Vin 1V steps as shown
in Figure 3d, which indicates nice field-effect operation and
ohmic contacts.

Following the single transistor analysis, the AMOLED pixel
control circuits were fabricated and studied. Figure 4a displays
the optical microscope image of the fabricated single pixel circuit
before OLED integration, which contains two SN-TFTs, one
capacitor, and one indium—tin oxide (ITO) electrode for further
OLED integration. To operate the driving transistor, —S V is

4855

applied to the scan line to turn on the switching transistor. Tran-
sfer (Inp—Vpara) characteristics are plotted in Figure 4b and ¢
in linear and logarithm scales, respectively. The various curves in
Figure 4b correspond to various values of the supply voltage Vpp
(0.2—1Vwith 0.2 V steps), which was connected to the source of
the driving transistor as shown in the inset schematic diagram in
Figure 4c. From the transfer characteristics in logarithm scale, one
can find that the two-transistor circuit exhibits excellent on/off
ratio (higher than 10°), which results from the optimized channel
geometry and film density as well as the high semiconducting
nanotube purity. This on/off ratio is crucial in order to guarantee
that the control circuits can fully turn off the OLED pixels.

Beside the on/off ratio, the current drive capability of the cir-
cuit is also important for AMOLED displays, which is examined
by the output (Inp— Vppp) characteristics shown in Figure 4d. To
keep Vs value of the driving transistor constant, source of the
driving transistor is grounded, while the drain terminal (—Vpp)
is swept from 0 V to —7 V, and different curves were obtained
with Vpara changing from —S5 to 5 V with 1 V steps. From this
figure, one can clearly find that current flow through the driving
transistor will saturate under high Vpp, and with the optimized
semiconducting nanotube density, 50 A is achieved when
Vop =3V, Vpara = =5V, and Vgcan = —5 V, which offers
high enough current density to drive OLED pixels with the
designed area (200 x 200 um”).

To further understand the behavior of the circuit controlled
AMOLED, an OLED was connected to and controlled by a
typical single pixel control circuit using wire bonding. Standard
4-4'-bis[N-(1-naphthyl)-N-phenyl-amino ]biphenyl (NPD)/
Alg; OLED (2 x 2 mm”) with multilayered configuration is

dx.doi.org/10.1021/nl202695v |Nano Lett. 2011, 11, 4852-4858
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Figure 4. Characteristics of the two-transistor single-pixel circuit. (a) Optical microscope image of the single pixel circuit with two SN-TFTs, one
capacitor, and the ITO electrode for OLED integration. Scale bar is 100 um. (b, c) Transfer (Inp—Vpara) characteristics of the single pixel circuit
measured while Vscan = —5 Vin linear scale (Vpp = 1—0.2 V with 0.2 V steps) and logarithm scale (Vpp = 1 V), respectively. Inset: schematic diagram
of the single pixel circuit. (d) Output (Ipp—Vpp) characteristics measured at Vgcan = —5 V with different Vpara (—5 to S V with 1 V steps).

employed in this study given as ITO/NPD [40 nm]/tris(8-
hydroxyquinoline) aluminum (Alqs) [40 nm]/LiF [ 1 nm] /aluminum
(Al) [100 nm], whose transfer characteristics are shown in the
Supporting Information S3. Organic and metal films were depos-
ited from resistively heated boats under ultrahigh vacuum (UHV)
conditions, as reported previously.>* The schematic of the OLED
control circuit is shown in the inset of Figure Sa, where the drain
of the driving transistor is connected to an external OLED and
a negative voltage (—Vpp) was applied to the cathode of the
OLED. The current flow through the OLED (Io1gp) was mea-
sured by sweeping the Vpp while also changing input voltage
Vpbara, as plotted in Figure Sa. Vscan is kept to be —5 V to keep
the switching transistor on, and the family of curves correspond
to various values of Vpara from —5to S Vin 1 Vsteps. The figure
illustrates that if Vpara is sufficiently negative, OLED will be
turned on when the supply voltage is higher than the threshold
voltage of the OLED (about 3 V), and the current flow through
OLED will increase as Vpara decreases. Therefore, the light
intensity of the OLED can be modulated by Vpara, which
is directly revealed in Figure Sb where current and output light
intensity versus Vpara characteristics are plotted with a fixed
Vpp of 8 V, as shown in the inset schematic. From this figure,
one can find that when sweeping Vpars from —5 to SV, the
current through OLED changes from 71 A to 3.7 nA, and the
output light intensity also varies from 5.3 x 10~ ° to about 8 x
10~ > W/cm?, which exceeds S orders of magnitude difference,
and the significant change in the light intensity can be visually

seen in Figure Sc. The optical photographs represent the OLED
under various Vpara voltages of —5, —3, —1, 1, 3, and 5V, res-
pectively, and demonstrate that the external OLED can be fully
turned on and turned off by changing the voltage of Vpara.
Based on the discussion above, we went one step forward to
fabricate a monolithically integrated AMOLED display element.
First, an array of AMOLED control circuit (1 X 1.25 cm?) with
20 x 28 pixels driven by 1000 SN-TFT's was fabricated using the
same layout design as discussed previously. The pixel size was
200 x 200 um®. After preparing the control circuits, 200 nm
SiO, was deposited by electron beam evaporator as a passivation
layer, leaving only the prepatterned ITO electrode open for
OLED integration. Finally, green OLEDs with the same multi-
layer structure and thickness (ITO/NPD/Alq;/LiF/Al) as used
for the single pixel circuit study were deposited by thermal
evaporation onto ITO electrodes. Optical image of a completed
AMOLED substrate, which contains 7 AMOLED elements
(20 x 25 pixels each) is shown in Figure 5d. Figure Se is a photo-
graph showing all the pixels on one integrated AMOLED ele-
ment, which are turned on when Vpara = —5V, Vscan=—5YV,
and Vpp = 8 V are applied for all the pixels. In this figure, 348 out
of 500 pixels are turned on, corresponding to a yield of 70%,
which is acceptable for the demonstration purpose in the present
laboratory-scale experiments. It is worth noting that many of
the failed pixels are due to the top SiO, surface roughness, which
leads to short circuits during OLED evaporation and can be
improved by using a better passivation technique. To the best
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Figure S. AMOLED display characteristics. (a) Characteristics of the OLED controlled by single pixel circuit, where the current flow through the OLED
(IoLep) is measured by sweeping the Vpp. The family of curves corresponds to values of Vpara from —S to S Vin 1 V steps. (b) Plot of the current
through the OLED (I gp) (redline) and OLED light intensity (green line) versus Vot with Vpp, = 8 V. (c) Photographs showing that under different
Vpara the two-transistor single pixel circuit can turn on and off the OLED. (d) Optical image of an AMOLED substrate containing 7 AMOLED
elements, each with 20 X 2S5 pixels. (e) Photograph showing the pixels on an integrated AMOLED, which are turned on when Vpapa = —SV, Vscan =

—5V, and Vpp = 8 V are applied for the pixels.

of our knowledge, this is the first demonstration of AMOLED
display driven solely by SN-TFT circuits.

In summary, we have demonstrated the great potential of using
SN-TFTs for high-performance display electronics. By tuning the
concentration of APTES in IPA solution during the surface functio-
nalization step, an optimized separated nanotube thin-film density of
4S tubes/um is achieved when 1:10 volume ratio between APTES
and IPA is used. Based on the optimized nanotube density and device
geometry, individual back-gated transistors with superior on/off ratio
(>10*) and excellent current driving capability (~0.8 tA/um) have
been fabricated with 20 ym channel length and 100 um channel
width. In addition, the electrical properties and OLED control
capability of the single pixel AMOLED control circuit are well exam-
ined and analyzed, and the modulation in the output light intensity
exceeds 10°. Moreover, a monolithically integrated AMOLED display
element with 500 pixels and 1000 transistors has been further demon-
strated. Our work represents a significant advance in separated nano-
tube-based macroelectronics and might pave the way of using
separated carbon nanotubes for future display applications.
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