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Transparent megahertz circuits from
solution-processed composite thin films+

Xinggiang Liu,® Da Wan,® Yun Wu,® Xiangheng Xiao,? Shishang Guo,?
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Solution-processed amorphous oxide semiconductors have attracted considerable interest in large-area
transparent electronics. However, due to its relative low carrier mobility (~10 cm? V71 s7Y, the demon-
strated circuit performance has been limited to 800 kHz or less. Herein, we report solution-processed
high-speed thin-film transistors (TFTs) and integrated circuits with an operation frequency beyond the
megahertz region on 4 inch glass. The TFTs can be fabricated from an amorphous indium gallium zinc
oxide/single-walled carbon nanotube (a-1IGZO/SWNT) composite thin film with high yield and high carrier
mobility of >70 cm? V! s™X. On-chip microwave measurements demonstrate that these TFTs can deliver
an unprecedented operation frequency in solution-processed semiconductors, including an extrinsic cut-
off frequency (fr = 102 MHz) and a maximum oscillation frequency (fnax = 122 MHz). Ring oscillators
further demonstrated an oscillation frequency of 4.13 MHz, for the first time, realizing megahertz circuit

operation from solution-processed semiconductors. Our studies represent an important step toward

www.rsc.org/nanoscale

Introduction

Low-cost fabrication of thin-film transistors (TFTs) on a glass
substrate can enable a broad spectrum of applications, includ-
ing radio-frequency identification tags, display drivers, and a
whole new generation of wearable electronics.' The conven-
tional amorphous silicon (a-Si) and emerging organic semi-
conductor based TFTs, in general, suffer from low carrier
mobility (~1 em? V™' s7') thus are not suitable for high-
frequency applications.*® Meanwhile, even though poly-
silicon TFTs have demonstrated more improved performance
than a-Si TFTs and organic TFTs, their performance non-
uniformity due to grain boundaries also limits their appli-
cations on a large scale.” Conversely, TFTs based on amor-
phous oxide semiconductors, such as amorphous indium
gallium zinc oxide (a-IGZO), are emerging as highly promising

“Department of Physics and Key Laboratory of Artificial Micro- and Nano-structures
of Ministry of Education, Wuhan University, Wuhan 430072, China.

E-mail: liaolei@whu.edu.cn

bScience and Technology on Monolithic Integrated Circuits and Modules Laboratory,
Nanjing Electronic Device Institute, Nanjing 210016, China

‘Department of Chemistry and Biochemistry, University of California, Los Angeles,
CA 90095, USA

“Department of Electronic & Computer Engineering, The Hong Kong University of
Science & Technology, Hong Kong SAR, China

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
€c6nro0602g

7978 | Nanoscale, 2016, 8, 7978-7983

high-speed solution-processed thin film electronics.

candidates due to a number of facts, such as a desirable elec-
tron mobility of ~10 cm® V™' s, low cost and scalable fabrica-
tion processes including ink-jet printing and the sol-gel
method.®® Their solution compatibility and optical transpar-
ency have also opened up new horizons for low-cost printable
and transparent electronics.'®'" Practically, to achieve high-
speed gate driver circuits, uniform and homogeneous semi-
conducting layers are required in addition to high carrier
transport mobility.”*™* Though many previous studies
suggested that better performance was obtained by adjusting
the oxide matrix, the enhancement is limited.'® Thus further
improving the performance of amorphous metal oxide TFTs is
an important task for practical circuit level applications.'®
Typically, making materials into a composite system is a con-
venient route to produce new materials with multiple advan-
tages over single component building blocks."”'® We have
previously demonstrated that incorporation of single-walled
carbon nanotubes (SWNTs) into amorphous metal oxides can
deliver improved performance, such as enhanced carrier mobi-
lity and low TFT threshold voltage."”>' And the amorphous
metal oxide/SWNT composite TFTs have been shown to be
superior to that of the low-temperature poly-silicon in terms of
large-area applications.>*>* A majority of our previous studies
employed a silicon substrate as a global back gate and silicon
oxide as a gate dielectric, which required high gate switching
voltage and was unable to independently address multiple
devices on the same chip. Top-gated devices using high-k
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dielectrics can significantly impact critical device performance
from transconductance, subthreshold swing, and parasitic
capacitance to frequency response. And circuit integration
with high-performance top-gated composite TFTs would be
urgent for practical applications. In fact, implementation of a
ring oscillator can be the ultimate test for new materials in
high-frequency applications and to evaluate their compatibility
with conventional circuit architectures.>** Herein, we report a
high-performance top-gated a-IGZO/SWNT composite TFT
using a sol-gel method. In the device configuration, the pres-
ence of conductive SWNTs reduces the effective distance
between the source and drain, resulting in a reduced effective
channel length. The metallic conductive SWNTs supplied fast
conductivity tracks at the on state and the a-IGZO pinched off
the active channel at the off state.”»*®?” This might be the
rationale for the enhanced mobility and obtained a higher on-
off ratio than the SWCNT devices.”® Based on the improved
performance of the single top-gated TFT, three-stage ring
oscillators were fabricated on glass with an oscillation fre-
quency of 4.13 MHz, corresponding to a propagation delay of
less than 40.3 nanoseconds per stage. To our best knowledge,
this recorded speed not only largely surpasses that of the
amorphous metal oxide, amorphous silicon and organic based
devices,>*° but also reaches the level of poly-silicon devices
with a similar geometry (the propagation delay is in the range
of several nanoseconds per stage).***

Results and discussion

A cross-sectional schematic of the top-gated a-IGZO/SWNT
composite TFT on a glass substrate is shown in Fig. 1a. The
a-IGZO/SWNT composite thin films were fabricated using a
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Fig. 1 (a) Schematic of the device layout. D, drain; G, gate; S, source.
(b) Transfer characteristics of a-IGZO/SWNT composite TFTs with
different channel lengths (L); and the channel width (W) is fixed to be
10 pm. (c) Typical output characteristics of a-IGZO/SWNT composite
TFTs with L = 5 pm. (d) The plot of mobility and V4, versus the channel
length. The error bars indicate the standard deviation over 20 devices.
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sol-gel method and the details can be found in the Experi-
mental section. The precursor solutions were prepared using
the optimized recipe for comprehensively high performance,
and the fabrication method has been demonstrated to be scal-
able for fabricating high-performance a-IGZO/SWNT compo-
site thin films with small device-device variations.'*" The
entire composite film was divided into 10 pm x 100 pm iso-
lated chips by wet etching for further integration. The top gate
area was patterned by e-beam lithography (EBL), and then
30 nm HfO, dielectric was deposited by atomic layer depo-
sition (ALD),** followed by 10 nm/40 nm Cr/Au gate electrode
evaporation. Finally, the source/drain electrodes were defined
by EBL and metallization processes. The electrical measure-
ments were performed with a LakeShore TTPX probe station
and a semiconductor parameter analyzer. The transfer charac-
teristics of the fabricated TFTs show n-type characteristics
expected for the oxide matrix (Fig. 1b) and the typical gate
current is shown in Fig. S1.f By differentiating the transfer
characteristics, the peak transconductance was obtained as
133.3 pS with a low sub-threshold swing of 85 mV dec™'. The
field-effect mobility was then calculated to be 74.5 cm® V' s™*
by using

K VasCiW

where g, can be obtained by deriving the Iy~V, curve, L and
W are the channel length and width, respectively, and C; is the
insulator capacitance per unit area, and the mobility value
is approaching that of the low-temperature poly-silicon
TFTs."*™** Fig. 1c shows representative output characteristics
of Iys—Vgs curves of the a-IGZO/SWNT TFTs. The current satu-
ration at high Vg and the linear characteristics of I45 at low Vg
indicate that ohmic-like contacts are formed between the
a-IGZO/SWNT thin films and Cr/Au electrodes, and they also
suggest that the channel is effectively controlled by the gate
potential. The statistical data for the composite TFTs with
different channel lengths are shown in Fig. 1d, which rep-
resent desirable performance uniformity. Compared with that
of the back-gated devices with the same channel materials,
which have mobility typically around 120 ecm® V™' s7', the
slightly degraded mobility here may be caused by the thermal
and wet surroundings during the ALD procedures and the
parasitic resistance from the gap between the gate and source/
drain electrodes.**

An important benchmark of the transistor radio-frequency
performance is the cut-off frequency (fr) and the maximum
oscillation frequency (fia).*> To assess the radio-frequency
characteristics of the a-IGZO/SWNT composite TFTs, on-chip
microwave measurements were carried out in the range of
10-200 MHz with an Agilent N5247A network analyzer using
ground-signal-ground probes, as shown in Fig. 2a. Fig. 2b
shows the |A,,| current gain derived from the measured scat-
tering parameters at Vy, = 2.75 V and V4, = 3 V, and the selected
Vg value is the peak transconductance point for the device. It
has the typical 1/f frequency dependence expected for an ideal
field-effect transistor, yielding a f; of 102 MHz. Notably, this
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Fig. 2 (a) Micro-graph of the fabricated TFTs with L/W = 5 pm/10 pm,
and the scale bar is 100 pm. (b) Measured small-signal current gain |h,|
as a function of frequency at V45 = 275V, Vg = 3 V; the V value used is
the peak transconductance point for the device. (c) Small-signal current
gain |hy4| as a function of frequency with different channel lengths. (d)
The plot of fr as a function of the channel length.

value will fully fulfill the radio-frequency identification tags, in
which 13.56 MHz is adopted for 70% of such applications. To
obtain the frequency limit of an a-IGZO/SWNT composite TFT,
we measured the fi,.« as well, as shown in Fig. 2b, which
shows a fihax = 122 MHz. The results presented here are on a
par with that of the InZnO TFTs with an even smaller channel
length of 1 ym.*™*” Fig. 2¢ further shows the |h,,| current
gain results obtained from the channel length varied from
5 pm to 20 pm. And Fig. 2d shows the plot of the fr versus the
channel length, which presents the typical 1/L> frequency
dependence.

The primary advantage of fabricating semiconductor thin
films via a sol-gel approach is its attractive scalability, as
shown in Fig. 3a. We have realized large-scale fabrication of
a-IGZO/SWNT composite TFTs on a 4 inch glass wafer, as also
shown in the inset. A proof-of-concept demonstration of the
a-IGZO/SWNT composite TFT logic circuit was implemented
by assembling a basic NOT-inverter logic device. Two a-IGZO/
SWNT composite TFTs with different L/W ratios were con-
nected in series (inset of Fig. 3b).>**° The transistor with a
smaller L/W ratio (L/W = 5 pm/10 pm) serves as the switch of
the inverter, while that with the larger L/W ratio (L/W = 50 pm/
10 pm) functions as the load. The logic circuit was completed
by connecting the load transistor to the supply voltage (Vaq)
and the drive transistor to the ground. The connection
between the switch and the load acts as the output terminal.
As the Vi, applied to the switch transistor is increased, the
switch transistor is turned on, and the channel resistance
drops below the resistance of the load transistor. This effect
dramatically reduced the V,,, ie., the signal is inverted.
Fig. 3b shows the inversion of the a-IGZO/SWNT inverter at
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Fig. 3 (a) Optical micro-graphs of an a-IGZO/SWNT inverter on a
4 inch glass substrate; the inset is the TFT array and the scale bar is
500 um. (b) The voltage transfer characteristic of an inverter; the inverter
is schematically depicted in the inset. (c) DC gain of the a-IGZO/SWNT
inverter. (d) AC gain (dB) of the inverter at different frequencies. This
inverter shows fr > 7 MHz.

different Vyq. As Vyq varies from 2 to 6 V, the output voltage
(Vour) remains at the same level as Vgq at low Vi,. As Vi, is
increased, Vo, promptly dropped to 0 V, and the inverter
threshold voltage is measured to be nearly half of the V4q. The
calculated signal inverter gain (dV,./dVi,) increases with Vyq,
and the maximum gain value exceeded 14 at Vgq = 6 V
(Fig. 3c), confirming the significant potential of a-IGZO/SWNT
composite TFTs for circuit level applications. By measuring
the dynamic response of the inverter with a harmonic-wave-
form input signal from 100 to 10 MHz, as shown in Fig. 3d, it
was found that the inverter has a cut-off frequency above
7 MHz. Note that this value is obtained for the TFT with a
parasitic resistance in the composite channel, thus limited by
the excessive channel length of the load TFT and the parasitic
resistance.

The close-to-ideal inverter behavior manifested by the
a-IGZO/SWNT integrated circuit enables implementation of a
ring oscillator (RO). The propagation delay of the RO is a
widely accepted benchmark of how fast the TFTs fabricated
under a certain design rule can operate.*® Fig. 4a shows the
integration process of the three-stage a-IGZO/SWNT RO circuit.
The optical micro-graph of the three-stage oscillators is
depicted in Fig. 4b. The labels Vg4, Vour and GND correspond
to the supplied voltage, the output voltage and the ground for
the ring oscillator, respectively. In the RO, a-IGZO/SWNT inver-
ters are connected in series with an additional inverter con-
nected at the output of the oscillator functioning as a buffer
stage. The output signal of the RO was measured as a function
of the supply voltage (Fig. 4c). A resonance occurs at 1.60 MHz
for Vgq = 4V, and the improvement in frequency performance
with increasing Vy4 can be attributed to the enhancement in

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6nr00602g

Published on 11 March 2016. Downloaded by HK University of Science and Technology on 6/8/2021 9:58:07 AM.

Nanoscale

-
_4
‘o.s 5 | .
s £, -
= L °
0.0 g H0.06 £
g ]
) 3, S g
J0.033
05 2
Wl o e 1L i i iJooo
4 6 8 10 12 00 02 04 06 08 10 4 5 6 7
Frequency (MHz) Time (us) Vga V)

Fig. 4 (a) Schematic illustration of an integrated three-stage ring oscil-
lator circuit on a-IGZO/SWNT composite thin films, which is con-
structed by integrating 8 a-IGZO/SWNT composite TFTs. The first Cr/Au
film is on the HfO, as the gate electrode and the second Cr/Au film is in
direct contact with the a-IGZO/SWNT composite thin films. The fabri-
cated ring oscillator circuit corresponding to the design above is shown
in Fig. 3b. The general aspects of the fabrication process apply to all the
devices and logic circuits presented in this paper. (b) Optical micro-
graph of a three-stage ring oscillator and the scale bar is 50 pm. (c) The
power spectrum of the output signal as a function of V4. The corres-
ponding fundamental oscillation frequency increases from 1.60 MHz to
4.13 MHz. (d) Output voltage as a function of time for the ring oscillator
at V4q = 7 V. (e) Plots of the maximum oscillation frequency and propa-
gation delay time as a function of the supplied voltage.

the current driving capability of the ring oscillator due to the
rise in the drain current Iz in each individual TFT with
increasing drain and gate voltages. Between Vgq = 4 V and
Vaa = 7 V, the signal amplitude measured by the spectrum ana-
lyzer changes from —45.6 dBm to —35.2 dBm, again as a conse-
quence of the I4—V4q dependence. The frequency increases
with the voltage and reaches 4.13 MHz at Vgq = 7 V, with a
corresponding stage-delay time of 40.3 nanoseconds, as shown
in Fig. 4d. This behavior is a result of the increasing drain
current in the individual TFTs with increasing gate/drain vol-
tages, as also shown in Fig. 4e, in which the maximum propa-
gation delay presents nearly a linear relationship with the
supplied voltage, and it agrees with the anticipated operation
of the ring oscillator. Compared with the previous ROs fabri-
cated with amorphous silicon, organic semiconductors and
amorphous metal oxides with a typical oscillation frequency
lower than 800 kHz,>**> due to the improved carrier mobility,
our RO shows a largely improved frequency response. More-
over, the stage-delay obtained here approaches that of the low-
temperature poly-silicon RO.*® Notably, the measured frequen-
cies here are still limited by the parasitic resistance rather than
by the intrinsic a-IGZO/SWNT composite.

Experimental
Thin film deposition

The clean glass substrates were treated with oxygen plasma for
5 min. The a-IGZO/SWNT composite thin films were formed

This journal is © The Royal Society of Chemistry 2016
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using a spin coating method at a speed of 3000 rpm for 60 s.
Then the spin-coated films were pre-baked on the hot plate at
150 °C for 10 min to remove the organic solvent. The spin-
coating processes were repeated 3 times to achieve 60 nm com-
posite thin films. The as-prepared thin films were annealed on
the hot plate at 250 °C for 40 min under ambient conditions.

Device fabrication

A photolithography and a wet etching process were conducted
to divide the fabricated a-IGZO/SWNT composite thin films
into 10 pm x 100 pm isolated chips for further integration.
Then the top gate area was patterned by EBL. 30 nm ALD of
HfO, on the contacted a-IGZO/SWNT composite thin films is
performed at 95 °C using the KE-MICRO TALD-200A system.
The samples were then transferred into the chamber of a
metal evaporator for deposition of a 10 nm/40 nm Cr/Au self-
aligned gate electrode followed by a lift-off process. Sub-
sequently, a second EBL was used to define the source/drain
pattern with the alignment. To avoid the short-circuiting of the
gate electrode with the source/drain electrodes, 0.3 pm space
margin was designed on both sides of the gate electrode.
After metallization of source/drain electrodes and the lift-off
process, an individual TFT structure was complete. For ring
oscillator fabrication, after the formation of the gate structure,
a 30 nm HfO, was deposited on the selected area to avoid the
short-circuiting between the metal wires.

Measurements

Electrical measurements were performed on the LakeShore
TTPX probe station with Keithley 4200 and Keysight B1500A.
Characterization of individual a-IGZO/SWNT composite TFTs,
as well as the a-IGZO/SWNT inverters were conducted with an
Agilent 4155C semiconductor parameter analyzer under an
ambient environment. The on-chip microwave measurements
were carried out in the 10 MHz-200 MHz range using an
Agilent N5247A network analyzer. During the AC measurement
of the a-IGZO/SWNT inverters, the input signals were supplied
to the circuits with an Agilent 33210A arbitrary waveform
generator. Small Vj,_ac signals of V,, = 100 mV with different
frequencies on the gate bias as V4q = 2 V were applied. And the
output waveform signals were recorded by using an Agilent
DSO-X2022A digital storage oscilloscope. The output signals
of the ring oscillators were measured with an Agilent CXA
signal analyzer and an Agilent DSO-X2022A digital storage
oscilloscope.

Conclusions

In summary, high-speed devices are fabricated on 4 inch glass
substrates using sol-gel processed a-IGZO/SWNT composite
thin films as active channel layers. The fabrication process is
applicable to a broad range of amorphous metal oxide based
composite TFT applications. Ring oscillators have also been
implemented showing short propagation delay. The highly
attractive transistor performance achieved in the a-IGZO/

Nanoscale, 2016, 8, 7978-7983 | 7981
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SWNT composite devices inspires further development of
high-speed functional electronics based on this unique
material system.
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