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ABSTRACT: Nonvolatile memory thin-film transistors
(TFTs) fabricated on paper substrates were proposed as one
of the eco-friendly electronic devices. The gate stack was
composed of chicken albumen gate insulator and In—Ga—Zn-
O semiconducting channel layers. All the fabrication processes
were performed below 120 °C. To improve the process
compatibility of the synthethic paper substrate, an Al,O; thin
film was introduced as adhesion and barrier layers by atomic
layer deposition. The dielectric properties of biomaterial
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albumen gate insulator were also enhanced by the preparation of Al,O; capping layer. The nonvolatile bistabilities were realized
by the switching phenomena of residual polarization within the albumen thin film. The fabricated device exhibited a
counterclockwise hysteresis with a memory window of 11.8 V, high on/off ratio of approximately 1.1 X 10% and high saturation
mobility (p,,) of 11.5 cm?/(V s). Furthermore, these device characteristics were not markedly degraded even after the
delamination and under the bending situration. When the curvature radius was set as 5.3 cm, the Ioy/Iogp ratio and g, were

obtained to be 5.9 X 10° and 7.9 cm?/(V s), respectively.
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1. INTRODUCTION

Environmental sustainability is one of the most critical
demands for the next-generation electronic industries."”
Therefore, high-performance electronic devices prepared on
paper substrates have attracted huge interest as a promising
technology to replace currently used plastic-based electronic
devices. The mechanical features of the paper substrate also
provide a higher degree of freedom in folding as well as in
bending capability for flexible electronic systems.’~> Further-
more, the cost-effective and eco-friendly natures of the paper
substrates secure the additional benefits. In recent days, various
devices fabricated on paper substrates have been reported for
their promising features such as low-voltage oéperation, low-
power consumption, and data storage function. -0 However,
the paper device performances were typically poor compared
with those for the devices on glass or plastic substrate. Most
biodegradable paper substrates suffer from several critical
problems for electronic device applications such as water
absorption, low heat resistance, and rough surface morphology.
These limitations make it difficult to fabricate high-resolution
thin-film transistor (TFT) arrays by using conventional
photolithography and etching processes."' From these back-
grounds, in this work, a synthetic paper, YUPO (synthesized by
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YUPO Corp.), made of polypropylene as a main ingredient,
was chosen as a eco-friendly flexible substrate due to its high
thermal durability and hydrophobic nature required for the wet-
chemical-based full-patterning process using photolithography
techniques. The choice of YUPO substrate is the first strategy
of this work to solve the problems of conventional papers for
the device fabrication and to improve the device characteristics
through optimized fabrication procedures.

On the other hand, TFTs have been major workhorses for
large-area electronics implemented on various substrates, and
they can be played as switching and memory devices. It would
be interesting to introduce eco-friendly biodegradable materials
to device components such as the gate insulator (GI). Chicken
albumen is one of the promising candidates. It can be easily and
cheaply obtained from eggs without any additional process. The
albumen layer can be comfortably formed by spin coating. The
basic device characteristics for the oxide TFTs using chicken
albumen gate dielectric were previously demonstrated.'"'* In
this work, we proposed the nonvolatile memory TFTSs using
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chicken albumen as a GI on the eco-friendly YUPO paper
substrate. The memory TFT can also be an important element
to realize highly functional future electronic systems composed
of eco-friendly biodegradable devices. The nonvolatile bist-
ability of the proposed memory TFT originated from the
residual polarization effect of the albumen GI, which is
analogous to the ferroelectric field-effect-driven memory
transistor. This is the second strategy of this work to provide
memory functions to the eco devices fabricated on the paper
substrates. Thus, the main object of this work is to fabricate the
reliable memory TFTs with the gate-stack structure of
biodegradable albumen GI and oxide semiconductor channel
on the eco-friendly YUPO paper substrate and demonstrate
their nonvolatile memory performances. This is the first eco-
paper memory TFT.

2. EXPERIMENTAL SECTION

A 300-um-thick polypropylene-based synthetic paper YUPO (synthe-
sized by YUPO) was chosen as a paper substrate. Compared with the
conventional cellulose-based paper, it was featured to have a
hydrophobic property and a better thermal stability. Thanks to these
beneficial features, all the patterning processes for device fabrications
could be carried out by conventional photolithography and wet-
etching processes. As the first step, the YUPO substrate was laminated
onto the glass substrate to facilitate the substrate handling. Then, a 3.6-
um-thick barrier layer (TR-8857-SA7, synthesized by Dongjin
Semichem. Co. Ltd.) was spin-coated to reduce the surface roughness.
A 30 nm-thick Al,O; sample was deposited as an adhesion layer by
atomic layer deposition (ALD), which was introduced to improve the
adhesion between the organic barrier layer and source/drain (S/D)
electrodes. A 150 nm-thick ITO was deposited by RF magnetron
sputtering and patterned into the S/D electrodes. In—Ga—Zn-O
(IGZO, 50 nm) was deposited as an active channel layer. Then, a 200
nm-thick diluted chicken albumen was spun at 4000 rpm for 30 s.
Thermal treatment for curing and cross-linking were carried out at 120
°C for 10 min. Here, it was proposed to prepare an Al,O; capping
layer onto the albumen GI, which has important roles in protecting the
albumen from the following patterning processes and in enhancing the
adhesion between the gate electrodes. Finally, an Al film was deposited
by thermal evaporation and patterned as gate electrodes and S/D pads.
The electrical characteristics of the fabricated devices were evaluated
by using a semiconductor parameter analyzer (Keithley 4200SCS) in a
dark box at room temperature. Channel width and length of measured
TFTs were 40 and 20 pm, respectively.

3. RESULTS AND DISCUSSION

3.1. Optimization of Fabrication Process for the Eco-
Paper Memory TFTs. The fabrication process of diluted
albumen solution is shown in Figure 1, panel a. The chicken
white was separated and diluted by deionized water with a
mixing ratio of 1:1. The precursor solution of albumen was
finally prepared by stirring for 1 h at room temperature on a
hot plate to obtain its homogeneity. Figure 1, panel b shows the
polarization—electric field (P—E) characteristics of the
fabricated Al/Al,O;/albumen/ITO capacitor. The top elec-
trode diameter was 100 pm, and the signal frequency was 100
Hz. The remnant polarization (P,) and the coercive field (E.)
were 097 uC/cm® and 12 MV/cm, respectively. It was
suggested that residual polarization could be induced within the
albumen film as if ferroelectric dipoles existed and that the
nonvolatile bistability could be generated by remnant values of
induced polarization for our proposed eco-paper memory TFT.
To evaluate the effct of temperature on the protein
denaturation of albumen and the corresponding P—E character-
istics of the capacitors, the annealing temperature for the
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Figure 1. (a) Preparation procedures for diluted chicken albumen
solution. (b) The polarization—electric field (P—E) characteristics of
the fabricated Al/Al,O;/Albumen/ITO capacitor. The wettability of
the albumen solution was examined on (c) YUPO substrate and (d)
Al,O;-coated YUPO substrate by measuring the contact angle.
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albumen was increased to 150 and 180 °C. As a result, the
residual polarization dramatically disappeared when the albu-
men film was annealed above the temparture of 150 °C. Thus,
the temperature of 120 °C, employed in this work, was
concluded to be an optimum point for device fabrication and
memory operations. The relative dielectric constant of the
albumen layer was estimated from capacitance—frequency
measurements to be approximately 15 at 1 MHz. Futhermore,
we estimated the wettability of the albumen solution on YUPO
(Figure 1c) and Al,O;-coated YUPO substrates (Figure 1d) by
measuring the contact angles. As can be seen in the figure, the
contact angle was reduced from 92.4 to 63.1° on the Al,O;-
coated YUPO substrate. This result suggests that the wettability
of the YUPO substrate to the albumen solution was
significantly improved by suitability introducing the Al,O;
barrier layer.

To fabricate the devices on YUPO substrate, the surface
roughness should be carefully controlled. Figure 2, panel a
shows the AFM images of the bare surface of YUPO substrate
in which the arithmetic average of absolute roughness (R,)
value was approximately 22.3 nm, and surface morphology was
rather inhomogeneous. Thus, the barrier layer was introduced
to reduce the surface roughness. The R, value for the barrier-
coated substrate was markedly improved to 0.34 nm, as shown
in Figure 2, panel b. The introduction of adhesion layer was
also one of the most important features of the device
fabrication process proposed in this work. Figure 2, panels ¢
and d show the microscopic images for the situations of S/D
patterning before and after the 30 nm-thick Al,O; layer was
prepared on the barrier layer, respectively. Sound patterns were
obtained only on the adhesion layer. Figure 2, panels e—g show
a schematic cross-section, cross-sectional SEM image, and
optical microscope image of the fabricated albumen-paper
memory TFT, respectively. The device was confirmed to be
well fabricated, in which every layer composing the device
configuration was obviously defined.

3.2, Device Characterizations for the Eco-Paper
Memory TFTs. The capping layer (CL) of ALO; (10 nm)
was prepared to protect the albumen GI during the fabrication
process. The leakage current density of albumen layer was
examined to be not so appropriate (3.2 X 1075 A/cm” at 0.23
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Figure 2. AFM images of the (a) bare and (b) barrier-coated surfaces of YUPO substrate. Microscopic images for the situations of S/D patterning
(c) before and (d) after deposition of 30 nm-thick Al,O; layer. (e) Schematic cross-section, (f) cross-sectional SEM image, and (e) optical

microscope image of the fabricated eco-paper memory TFT.

MV/cm) for the GI application, and it was additionally
degraded after the wet process using a resist stripper, as shown
in Figure 3, panel a. On the contrary, the CL-treated albumen
layer exhibited excellent insulating characteristics, in which the
leakage current densities were effectively suppressed to 9.0 X
107 and 5.5 X 107® A/cm® before and after the resist strip
process, respectively. The introduction of the CL was clearly
found to have beneficial impact in enhancing the dielectric
insulation property and protecting from the chemical damages
for the albumen layer. Figure 3, panel b shows the drain
current—gate voltage (Ips — Vgg) characteristics and gate
leakage currents of the fabricated eco-paper memory TFT with
the gate width and length of 40 and 20 um. Transfer
characteristics were measured in the double sweep mode of
Vs from —20—20 V at Vppg of 0.5 and 5.5 V. We calculated the
device parameters by using accumulation capacitance values
measured at 10 kHz, as shown in Figure 3, panel c. Although
off-current levels were relatively high, the on/off switching
behavior could be clearly obtained. The I, /I ratio was
approximately 1.1 X 10° The saturation mobility (4) and
threshold voltage (Vy) were evaluated to be 11.5 cm?/(V s)
and 2.5 V, respectively, which were calculated from the
derivative and x-axis intercept of (Ipg)™® — Vg plot using the
standard saturation current equation. The subthreshold swing
(S.S) value was also estimated to be 1.03 V/dec. It was
interesting to note that wide counterclockwise hysteresis in Ipg
was observed due to the remnant polarization of albumen GI.
The memory window (MW), which was determined as the
voltage width between turn-on and turn-off points, was
estimated to be approximately 11.8 V. These results
demonstrated a feasibility that the fabricated device could
exhibit nonvolatile memory characteristics by exploiting the
effect of residual polarization within the albumen GI, as
expected in P—E characteristics (Figure la).

The capacitance—voltage (C—V) characteristics were also
examined, as shown in Figure 3, panel c. Grounding the S/D
terminals, Vg was swept from —30—15 V in forward and
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Figure 3. (a) Leakage current densities of albumen and CL-treated
albumen layers with and without treatments in resist stripper. (b) Ipg
— Vigs characteristics and gate leakage currents of the fabricated device
with the W/L of 40/20 um. Transfer curves were measured in the
double sweep mode of Vg from —15—15 V at Vg of 0.5 and 5.5 V.
(c) C—V measurements for the fabricated device. Grounding S/D
terminals, Vg was swept from —30—15 V. The measurement
frequency was varied to 1 MHz, 100 kHz, and 10 kHz, respectively.
(d) Ing — Vpg output characteristics at different Vg values from 0—4 V
in steps of 1 V. (e) Variations in the programmed I of the fabricated
eco-paper memory TFT when the pulse widths of program voltages
for on and off were varied from 1 ms to 1 s with the voltage amplitude
of 20 and —20 V, respectively. (f) The variations in the programmed
Ips with the lapse of retention time of 4 X 10° s.
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reverse directions. The measurement frequency was varied to 1
MHz, 100 kHz, and 10 kHz. Although the accumulation
capacitance values decreased with the increase in frequency due
to the frequency dispersion, the MW was almost maintained
even at 1 MHz. The nonvolatile memory characteristics were
also verified in C—V measurements for the fabricated eco-paper
memory TFT. Figure 3, panel d shows the typical output
characteristics (Vg — Ipg) at different gate voltages (Vi) from
0—4 V in steps of 1 V. As can be seen in the figure, the eco-
paper memory TFT exhibited good gate modulation and hard
saturation behaviors for the saturation region, although a
current crowding behavior was observed in the linear region,
which indicates a moderately high contact resistance between
the S/D and active layers, which probably originated from the
thermal deformation of YUPO substrate during the processes.
It happens that the trap or defect sites exist at IGZO interfaces
or within bulk films of IGZO and albumen layers. However, for
n-type devices, counterclockwise and clockwise directions of
hysteresis in transfer curves represent the residual polarization
and charge injection mechanisms, respectively, as a dominant
effect causing the hysteretic behaviors. For our fabricated eco-
paper memory TFTs, the direction of hysteresis was observed
to be counterclockwise, as shown in Figure 3, panel b.
Therefore, we can exclude the possibility of charge-trap
mechanism. It would be very important to check the origin
of the obtained counterclockwise hysteresis shown in Figure 3,
panels b and c because they might also be caused by mobile
ions with which the nonvolatile memory switching cannot be
guaranteed for practical applications. To analyze these
behaviors, the memory programming characteristics were
verified by voltage pulse signals with given duration. Figure 3,
panel e shows the variations in the programmed Ipg of the
fabricated eco-paper memory TFT when the pulse widths of
program voltages applied for on and off programming were
varied from 1 ms to 1 s at voltage amplitude of 20 and —20V,
respectively.

While the program operations could not be achieved for the
cases using pulses shorter than 100 ms, the memory on/off
ratio significantly increased with increased pulse width from
100 ms to 1 s. The eco-paper memory TFT exhibited the
maximum memory on/off ratio of approximately 1.0 X 10°.
Consequently, it was clearly suggested that the polarization
effects within the chicken-albumen GI induced the hysteretic
bistability observed in the fabricated device. These results
demonstrated that our proposed eco-paper memory TFT could
be operated as promising nonvolatile memory TFT. In most
practical memory applications, the stored data should be
retained with the lapse of time. Thus, to examine the data
retention characteristics, + 20-V-high and 1-s-wide program-
ming pulses were applied, and the programmed Ipg was
measured at a read-out Vg5 of 0 V. Figure 3, panel f shows the
variations in the programmed on and off I, with the lapse of
retention time of 4 X 10° s. The on/off ratio was initially
obtained to be approximately 1.4 X 10° and decreased to 4.8
after 1000 s. It was found that the memory off-state was more
markedly varied with the retention time than the memory on-
state. This asymmetric increase of off-programmed current can
be interpreted by the depolarization field asymmetrically
determined between the on and off states. Because the n-ch
IGZO TFT operates in a depletion mode for the memory off-
state, the depolarization field applied for the off-state during the
retention period is subject to be larger than that for the on-
state. Thus, a larger degradation may occur for the off-
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programmed state."® This problem could be improved by
appropriate device designs including the film thicknesses of
active channel, gate insulator, and capping layers. Even though
the retention time for this device was not so long at this stage,
the presented nonvolatile memory behaviors of the eco-paper
memory TFT could be sufficiently encouraging for future
biodegradable—flexible memory applications. Concerning the
yield and uniformity in device behaviors, the number of
working devices amounted to ten when the test patterns were
designed to have 20 TFT's with the same size in a single device
substrate. The yield would be enhanced by further improve-
ments in fabrication process. When examined with ten working
devices as the average performances, the memory window and
the Ion/Iopr Were estimated to be approximately 12.7 + 1.3V
and 4.0 X 10° + 2.6 X 105, respectively.

In practical applications, the YUPO substrate attached on the
glass substrate for easy handling during the process should be
delaminated, and the device characteristics of the delaminated
paper memory TFT should be evaluated again. Figure 4, panel
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Figure 4. (a) Photo and (b) microscopic images of the devices
fabricated on the YUPO substrate delaminated from the glass
substrate. (c) Transfer characteristics of the eco-paper memory TFT
after the delamination. (d) Memory programming properties of the
delaminated memory transistor when the pulse widths of program
voltages were varied from 1 ms to 1 s. The program voltages for the
memory on and off states were +20 V.

a shows the photo images of the fabricated devices on the
YUPO substrate delaminated from the glass substrate. The
delamination was easily performed by using tweezers wetted
with acetone, as shown in inset of Figure 4, panel a. As shown
in Figure 4, panel b, the detached device did not experience
marked mechanical deformation or peel-off of given layers
composing the device. Figure 4, panel ¢ shows the transfer
characteristics of the eco-paper memory TFT after the
delamination. The Ioy/Iops ratio was obtained as 0.4 X 10°
at Vpg of 0.5 V. The g, Vrpy, and S.S values were estimated to
be 6.3 cm®/(V s), 4.7 V, and 0.70 V/dec, respectively. Although
the p,,, was degraded owing to the mechanical damage during
the delamination process, the obtained device behaviors were
quite inspiring, considering that the devices were fabricated on
a flexible paper substrate. The memory programming properties
were also examined, as shown in Figure 4, panel d.

The variations in the memory on/off ratio as a function of
program pulse width were not so different from those for the
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laminated device, and the maximum memory on/off ratio of 1.0
X 10° was obtained. These results suggested that the proposed
memory TFT fabricated on the paper substrate can be operated
in a stand-alone manner without any supporting substrate.
For the flexible memory applications, the variations in device
behaviors against mechanical bending deformation must be
estimated for the fabricated memory TFT. The probing
configuration for the bending durability test can be shown in
Figure 5, panel a. Figure 5, panel b shows the bending
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Figure S. (a) Photo image of an electrical evaluation and (b) transfer
characteristics for the fabricated device under the bending situation.
(c) Memory programming and (d) retention properties were also
evaluated under the bending situation.

characteristics of the eco-paper memory TFT by measuring the
transfer characteristics and gate leakage currents when the
substrate was bent with a curvature radius of 5.3 cm. The I/
Iopr ratio was obtained as 5.9 X 10° at Vg of 0.5 V. The piy,
Vo, and S.S values were examined to be 7.9 cm?/(V s), 9.1 V,
and 0.77 V/dec, respectively. Although the device operation
behaviors under the bending situations were slightly changed
compare with those of the delaminated device, the obtained
device parameters including the y, did not show any marked
degradation. Memory programming operation and retention
characteristics were also examined, as shown in Figure 5, panels
c and d, respectively. The maximum memory Iny/Iogg ratio was
obtained as 6.3 X 10* at 1-s-width programming signals. The
programmed initial Ioy/Iopg ratio of 3.4 X 10° decreased to 2.2
after the lapse of 4 X 10° s. The nonvolatile memory behaviors
examined under the bending situations were sufficiently
encouraging. The reproducibility and stability in electrical
performance of the proposed eco-paper memory TFTs could
be guaranteed by the fabrication process optimizations, as
discussed above, and are sufficiently reliable at a present stage.

4. CONCLUSION

We proposed and fabricated the nonvolatile memory TFTs
using biomaterial, chicken albumen, as GI on eco-friendly paper
substrate for the first time. All components were elaborately
patterned with photolithography techniques, and all fabrication
processes were performed at low temperature below 120 °C.
For the use of albumen as GI, the dielectric properties were
enhanced by the introduction of Al,O; capping layer. The
nonvolatile bistability for memory operations was realized by
the switching phenomenon of residual polarization in the
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albumen GI. The fabricated eco-paper memory TFT exhibited
high mobility (~11.5 ecm?/(V s)) and high Ion/Iops ratio
(>10°) thanks to the optimization of fabrication procedures.
Good programming operations and memory retention perform-
ances were also successfully confirmed, in which the maximum
Ion/Iope ratio of 1.0 X 10° was obtained with 1-us-wide
program pulse of +20 V. Furthermore, these device character-
istics were not markedly degraded even after the delamination
and under the bending situation. When the curvature radius
was set as 5.3 cm, the Ioy/Iopg ratio, py, Vi, and S.S values
were examined to be 5.9 X 10% 7.9 cm?/(V s), 9.1 V, and 0.77
V/dec, respectively. These inspiring and encouraging results
obtained from the proposed eco-paper memory TFTs are
expected to find new possibilities in the fields of future
sustainable electronics.
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