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In this paper, we demonstrate microwave flexible thin-film transistors (TFTs) on biodegradable sub-
strates towards potential green portable devices. The combination of cellulose nanofibrillated fiber
(CNF) substrate, which is a biobased and biodegradable platform, with transferrable single crystal-
line Si nanomembrane (Si NM), enables the realization of truly biodegradable, flexible, and high
performance devices. Double-gate flexible Si NM TFTs built on a CNF substrate have shown an
electron mobility of 160 cm?/V-s and fr and f.x of 4.9 GHz and 10.6 GHz, respectively. This dem-
onstration proves the microwave frequency capability and, considering today’s wide spread use of
wireless devices, thus indicates the much wider utility of CNF substrates than that has been demon-
strated before. The demonstration may also pave the way toward portable green devices that would
generate less persistent waste and save more valuable resources. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921077]

Personal electronic gadget users tend to upgrade their
gadgets much more frequently nowadays as new technolo-
gies offering more functionality and more convenience
become available. For example, cell phone users tend to buy
new cellphones every 2 to 3 years. Thus, large quantities of
working electronics are discarded constantly as new ones are
available. In the U.S. alone, a report published by the U.S.
Environmental Protection Agency in 2012 showed that 152
million of mobile devices were disposed in each year.! Many
more gadgets may be discarded daily, considering the larger
quantities and more varieties being produced in the recent
years. This will not only lead to a large amount of consump-
tion of our limited natural resources but also generate a large
amount of waste that could pollute our environment. The
majority of the electronic components in portable gadgets
are built on a Si wafer which is a highly purified, expensive,
and rigid substrate. In fact, only a tiny proportion of the Si ma-
terial is used in the electronics. A commercial standard
12inch. Si wafer is 775 um thick, but only much less than
1 um on the top of the wafers used for electronic devices. The
rest of the Si substrate is just used as a support for the devices
and is eventually wasted when devices are discarded. Thus, it
would be desirable to develop a technique for creating elec-
tronics using an alternative substrate that is inexpensive and
biodegradable or even compostable while maintaining high-
performance standards. This will not only drastically reduce
the usage of Si but also reduce the accumulation of persistent
waste. Since most personal gadgets operate at microwave fre-
quencies (>1 GHz), demonstration of such electronics on the
above alternate substrates are of important practical value.
Previously, microwave thin-film transistors (TFTs) have been
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demonstrated on polyethylene terephthalate (PET) sub-
strates, ' &172428 However, petroleum based PET substrates
are not biodegradable. In addition, fabrication of TFTs on
chemically stable PET substrates does not encounter solvent
compatibility issues during wet processing.

In this paper, we demonstrate microwave flexible TFTs
built on a cellulose nanofibrillated fiber (CNF) substrate by
employing transferrable single crystalline Si nanomembranes
(Si NMs). Recent studies have demonstrated that CNF sub-
strates derived from wood** have good mechanical proper-
ties, low thermal expansion, good flexibility, and good
biodegradability*” and thus have the potential to serve as
substrates for portable green electronics. Researchers have
previously demonstrated the use of cellulose nanofibril com-
posites as substrates for a variety of energy and electronic
devices such as solar cells,*'” energy storage devices,'' sen-
sors,'? organic TFTs,'? lighting devices,"* and displays.'
These demonstrations have mainly taken the advantages
of transparency and decomposition/dissolution properties of
CNF. As of today, the radio-frequency (RF) properties of
CNF have been unknown or not explored. In order to realize
microwave electronics on a CNF substrate, active materials
with both high charge carrier mobility and flexibility are
required. In the meantime, CNF needs to possess relatively
low energy consumption loss at RF. High frequency opera-
tion of active devices on CNF can provide such insights of
the RF suitability of CNF. Single crystalline Si NMs of a
few hundred nanometers thick offer comparable electronic
properties as their bulk counterparts yet with superior me-
chanical flexibility and durability.'®!'® Here, we explore the
Si NM based microwave TFTs feasibility on CNF. However,
CNF substrate itself is not stable under long exposure in cer-
tain processing chemicals such as acetone. As a result, the
previously demonstrated Si NM TFT fabrication method,
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i.e., finishing high-temperature processing steps on rigid sub-
strate and finishing the rest steps on PET substrate via addi-
tional photolithography, is not applicable to CNF substrates.
An alternative TFT fabrication method is thus needed for the
CNF substrates.

The complete device fabrication process flow is sche-
matically shown in Figure 1(a). The fabrication starts with a
SOI wafer (SOITEC) which has a 270nm lightly p-type
doped top Si layer and a 200 nm buried oxide layer. For the
double gate configuration design used here, one drain (D)
and two source (S) regions are needed, for a total of three n+
wells (~5 x 10" cm ™). These n+ wells are formed by using
a spin-on-dopant (SOD, Honeywell P509) diffusion process
carried out in a nitrogen/oxygen ambient furnace (N, 95%
and O, 5% at 850 °C for 20 min) (Fig. 1(a-i)). After forming
releasing holes, the top Si layer is released from the buried
oxide layer by selective wet-etching in concentrated HF
(49%). The released top Si NM gently falls down on the han-
dling Si substrate (Fig. 1(a-ii)). After rinsing the sample, the
Si NM is dried by N,. Then, the Si NM is weakly bonded to
the handling Si substrate. Gate electrodes of 0.8 um in length
and SiO, dielectric stacks (SiO,/Ti/Au, 100nm/10nm/
100 nm) are patterned using e-beam lithography and depos-
ited with e-beam evaporation, followed by the deposition of
the source/drain electrodes (Ti/Au, 10nm/150 nm, Fig. 1(a-
iii)). After the completion of the metallization step, the entire
device layers (electrodes and Si NM) are transfer to an adhe-
sive layer (SU-8, Microchem) coated CNF substrate and
cured to glue the devices onto the CNF substrate (Figs. 1(a-
iv) and 1(a-v)). After finishing the transfer step, the Si NM
layer faces up and the electrodes become buried underneath
the Si NM. The active layer is finally defined by the photore-
sist patterning and dry etching steps (Fig. 1(a-vi)). Shown in
Fig. 1(b) is a micrograph of the fabricated double-gate TFT
on a flat flexible CNF substrate. Figure 1(c) shows another
micrograph with arrays of Si NM TFTs on a bent flexible
CNF substrate, which is also optically transparent. Figures
1(d) and 1(e) present images of the degradation of the CNF
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substrate after exposure to Postia placenta (also known as
brown-rot fungi)®® for 3 weeks. Detailed descriptions on the
transfer printing process?' and fabrication of the CNF sub-
strate can be found elsewhere.”” Device I-V characteristics
were measured using a semiconductor parameter analyzer
(HP4155B) in the dark to avoid any light-induced photocur-
rents. RF characteristics were measured and extracted from
scattering (S-) parameters using an Agilent E§364A perform-
ance network analyzer. A bias-tee was used to apply an
external DC bias during RF measurement.

Figure 2(a) shows a cross-sectional view for the double
gate Si NM TFT on a CNF substrate. A cross-sectional scan-
ning electron-microscope image and a zoomed-in micro-
scope image of the finished device on the CNF substrate are
shown schematically in Figs. 2(b) and 2(c). The physical
gate length, gate width (W,), and the effective gate (channel)
length (L,) are 0.8 um, 20 um, and 0.5 um, respectively. The
output characteristics of the TFTs under various gate biases
from O V to 5V measured on a flat surface and on a curvature
(0.3% of strain, measured on the 38.5 mm mold radius) are
shown in Figure 2(d). There is an approximately 8% of in-
crement in drain current by bending, which is caused by lat-
tice constant change in single crystal Si NM and agrees well
with previous findings.'”** Excellent drain current saturation
features indicate well-controlled drain current with e-beam
lithographically defined submicron gate electrodes. Figure
2(e) shows the transfer characteristics under flat and bending
conditions. The highest g, was 11.5 uS under a drain bias
(V4s) of 100mV. An on/off ratio of 10° and a well suppressed
gate leakage current indicate effective SOD doping and the
formation of high quality dielectric layers. The gate leakage
current remained very low within all gate bias ranges. A
160 cm?/V-s of the field-effect mobility was measured based
on the following equation: u = (L - gm)/(Wg - Cox - Vag),
where C,, is the oxide capacitance. This extracted field-
effect mobility value is consistent with other Si NM-based
TFTs.'®!'7 Higher mobility should be possible by using a
strained Si NM.'” A threshold voltage (Vy,) of 0.85V and a

FIG. 1. (a) Illustration of the fabrica-
tion process flow for flexible Si NM
TFTs built on CNF substrates. (b)
Microscopic image of a finished device
on the CNF substrate. (c) An optical
image showing the transparency and
flexibility of the CNF substrate. (d) An
optical image and (e) an enlarged opti-
cal image showing the biodegradability
of the array of devices built on the
CNF substrate: (left) as-made and
(right) after 3 weeks degradation.
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FIG. 2. (a) A schematic of the device
cross-section with source/drain electro-
des sandwiched in between the top Si
NM active layer and the bottom CNF
substrate due to the flip transfer print-
ing process. (b) A microscope image
of the active area of a finished flexible
Si NM TFT on the CNF substrate. (c)
A scanning microscope image of the
cross-sectional view: showing only the
top 1 um is used for the device layer,
while the other 220 yum of CNF sub-
strate comprise the supporting layer.
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subthreshold swing of 550 mV/decade were also extracted
from the transfer curve. High threshold voltage and subthres-
hold swing can be further improved by employing ion im-
plantation to form well-defined n+ wells.

Figure 3(a) shows the measured current gain (4,;) and
the Masons unilateral gain (U-gain) of Si NM TFTs on a CNF
substrate under flat and bending conditions (0.3% of strain,

measured on the 38.5mm mold radius) with a DC bias of
Ves=5V and Vg3 =4 V. Shown in Figs. 3(b) and 3(c) are the
measured S-parameters from 45 MHz to 20 GHz on a linear
scale and on a Smith chart. The measured fr and f;,.«, after
de-embedding, were 4.9 and 10.6 GHz under flat conditions
and 3.8 and 9.2 GHz under bending conditions, respectively.
The slightly lower fr and f,,.x values are attributed to the fact
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TABLE I. Comparison of extracted device model parameters, FOM values
between TFT on CNF substrate, and reference TFTs on PET substrate from
Ref. 24. Reproduced with permission from J. Appl. Phys. 102, 034501
(2007). Copyright 2015 AIP Publishing LLC.

TFT of CNF Ref-TFT*

Loaee (Hm) 0.8 25
Legr (um) 1 L5
Zimo(MS) 0.95 118
7 (ps) 4 4.8
R, (Q) 96 0.1
Ry (Q) 30 35
R, (Q) 135 40
L, (nH) 0.05 0.06
Lq (nH) 0.29 0.35
L (nH) 031 0
Cya (TF) 9 40
C,s (fF) 22 50
Cys (fF) 2 3
Ry, (Q) 270 4500
Jfr (GHz) 49 2
Jimax (GHz) 10.6 7.8

the concave bending is along the gate width direction. Under
this condition, the Si channel experienced a compressive
strain, thus lower electron mobility along the electron moving
direction (from source to drain).29 Comparing the fr and fi,.x
values with the other Si NM-based RF TFTs built on PET
substrates, Si NM TFTs on CNF substrates show similarly
high RF performances.** Considering other desirable mechan-
ical, thermal, as well as dielectric properties possessed by
CNF, the demonstration of its microwave capabilities further
indicates its potential as alternative substrate contender for
future broader bio-compatible and flexible electronic applica-
tions.>” We further analyzed the CNF-based TFT characteris-
tics by employing a small-signal equivalent circuit model to
extract the transistor parameter.> As shown in Fig. 3(b),
Advanced Design System (ADS 2013) was used to generate a
small-signal equivalent circuit model. The parameter extrac-
tion was then carefully performed from the measured S-
parameters at the bias conditions, where the highest frequency
responses were measured. Shown in Table I are the extracted
figure-of-merit (FOM) values for TFTs on the CNF substrates
reported here as well as the values for earlier reported TFTs
on a PET substrate.’* Smaller Cgs and Cgq values were
obtained for the TFTs on the CNF substrate reported here,
mostly due to the small overlap between the gate and the
source/drain, which was achieved by the precise alignment
during e-beam lithography and can be attributed to the meas-
ured high RF characteristics.

In conclusion, we have demonstrated high performance
Si NM flexible TFTs built on a CNF substrate that exhibit
superior microwave-frequency operation capabilities. The
demonstrations suggest that bio-based and bio-degradable
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CNF films can be readily used as alternative high perform-
ance flexible electronics substrates and, moreover, the semi-
conductor chips in future’s portable devices/gadgets can be
made biodegradable.
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