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ABSTRACT The transparent floating gate memory based on zinc oxide (ZnO) thin film transistors (TFTs)
was fabricated by using one-step atom layer deposition of aluminia tunneling and ZnO charge-trap layers.
Free electrons trapping mechanism of this memory device is proposed after systematical investigation
of gate voltage scanning and thickness of the trapping layer. Furthermore, the relationship between the
geometrical size of the charge-trapping layer and the memory window is explored. The devices with
different memory windows can be controlled simply by designing the area of their trapping layer without
any external process, which is much beneficial to the low cost process fabrication of the memory array and
driving circuits, since the memory and switch/digital transistors can be fabricated at the same time. Finally,
the presented TFT memory exhibits a maximum memory window of 15 V, excellent fatigue and retention
properties more than 30,000 s without any charge loss. The transparent floating gate memory with the
ZnO charge-trap layer has great potential for application of 3D, transparent or multi-value memory.

INDEX TERMS Zinc oxide, floating gate memory, thin film transistor, charge-trap layer, memory window.

I. INTRODUCTION

Memory is one of the five basic building blocks of computer
hardware. Among them, flash memory has broad appli-
cation due to its non-volatile nature and ease of erasing.
So far, silicon- oxygen-nitrogen-oxygen-silicon (SONOS)
type structure floating gate memory is the most common
choice [1]-[4]. As continuous scaling down of the feature
size of transistors, the physical limitation will appear in
the last few years. The density of the SONOS type flash
memory will touch the ceiling. In the case, developing 3D
architecture of novel memory or computing-in-memory are
the trends for the future non-volatile memory. Meanwhile,
metal-oxide thin film transistors (TFTs) have great poten-
tial to be applied into the 3D non-volatile memory due
to their low-temperature process compatibility, stable and
better electrical performance [5]. Charge trapping memories

based on metal-oxide TFTs have gradually been favored
and researched [6], [7]. It is most important to choose the
appropriate material as the charge-trap layer (CTL). In many
works, they prefer to use metal nanoparticles as the charge-
trap layer of the non-volatile memory [8]-[10], such as Ag,
Ni and Pt nanocrystals. However, these devices are still far
away from practical application because of their poor process
compatibility, small memory window and slow program-
ming/erasing (P/E) speed. On the other hand, oxide charge
trapping materials, including ZnO [11], indium-gallium-
zinc-oxide (IGZO) [12], Zn-doped Al,0O3 [13], SmTiO3 [14]
and TiAlO [15], have been studied due to the good compati-
bility in metal oxide TFTs. Especially, the devices with ZnO
charge trapping layer exhibit excellent memory characteris-
tics with memory window of 20 V and programming/erasing
speed of 500 ms, since ZnO thin film has a lot of oxygen
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vacancies that can capture a large number of electrons, result-
ing in a large memory window [7]. Therefore, it is considered
as an ideal material for the charge trapping layer [7], [16]. In
these works, most devices use IGZO thin film as a channel
layer and ZnO thin film as a charge-trap layer. Generally,
IGZO films are deposited using RF magnetron sputtering,
while ZnO films are deposited by atomic layer deposi-
tion (ALD). Using different equipment and processes not
only increases the cost of the device, but also more likely
to introduce impurities to affect the device performance. In
order to obtain ultra-thin, high quality and good uniformity
tunneling layer, ALD is considered as one of the best depo-
sition techniques. At the same time, ALD deposition of the
thin charge-trap layer can effectively reduce the damage of
the tunneling or blocking layers. Oruc, et al. proposed the
floating gate memory TFT with stacked Al,O3 blocking/ZnO
charge trapping/Al,O3 tunneling/ZnO channel layers fabri-
cated in a single ALD step [11]. The window memory of
2.35 V has been realized for the ALD ZnO TFTs, but the
systematical measurement of the memory characteristics is
lacking. Our previous works revealed good stability and uni-
formity of the ALD ZnO TFTs [17], which can be applied in
many fields [18], such as radio identification tag (RFID) [19]
and fingerprint sensor [20]. In the application of the low-
cost transparent RFID tags, the absence of oxide TFT based
non-volatile random access memory (RAM) becomes the
bottleneck.

In this work, we have fabricated a transparent float-
ing gate memory using ZnO as channel and charge-trap
layers all in ALD on glass substrate. The effect of the pro-
cess parameters and geometry size of the charge-trap ZnO
TFTs on the memory properties is investigated systemati-
cally. The annealing process and the thickness of the charge
trapping layers are optimized and analyzed to improve the
device performance, and their charge trapping mechanism
has been discussed. The proposed transparent ZnO TFT
based non-volatile memory exhibits fast P/E speeds, wide
and controllable memory window. Furthermore, the fatigue
and retention performances of the memory device are also
checked.

Il. EXPERIMENTAL

The cross-section of the top-gate ZnO floating gate TFT
fabricated on glass in this study is illustrated in Fig. 1(a).
The fabrication process started from the deposition of a
200 nm thick indium-tin-oxide (ITO) layer using DC sput-
tering. This ITO layer was patterned by wet etching as
source/drain (S/D) electrodes. Then, a 20 nm thick ZnO
channel layer was deposited by ALD and annealed at 400 °C
for 5 mins in O, ambience. Next, a 2 nm thick Al,O3
tunneling layer, a 2 nm (10nm or 20 nm) thick ZnO charge-
trap layer and a 8 nm thick Al,O3; protection layer were
deposited by ALD continuously in one-time without open-
ing chamber. The stacked ZnO/Al,O3/ ZnO/Al,O3 layers
were patterned in dilute HF solution and annealed at 400 °C
for 5 mins in O, ambience. After a 20 nm thick Al,O3
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FIGURE 1. (a) Cross sectional schematic of the ZnO floating gate TFT,

(b) the optical microscope image of the transparent memory devices,

(c) the optical photo of the memory device, (d) the transmittance of
different thin film layers, (e) the cross sectional TEM image of the floating
gate structure Al 03/Zn0/Al,03/Zn0/glass.

layer was deposited by ALD as the gate insulator, the
gate electrode of a 100 nm thick ITO layer was formed
by sputtering and lift-off. Fig. 1(b) shows the microscope
image of the floating gate memory device. In present device,
all of the thin film materials such as ZnO, Al,Os, ITO
and glass substrate are transparent. Hence, a fully trans-
parent flash memory is fabricated and demonstrated as
shown in Fig. 1(c). Fig. 1(d) shows the transmission spec-
tra of several stacked layers. All measured samples exhibit
good transparency with an average transmittance higher than
84% in the visible wavelength range. If the transmittance
loss caused by glass is ignored, these layers even have a
transmittance of more than 90%. The current-voltage char-
acteristics (I-V) and cross-section of the device are tested by
a semiconductor characterization system (Keysight B1500A)
and a transmission electron microscope (TEM, FEI Tecnai
G2 F20 S-TWIN).

1Il. RESULTS AND DISCUSSION

Fig. 1(e) shows the TEM image of the flash memory device
including the channel layer, the tunneling layer, the charge-
trap layer and the protection layer. The dark and light gray
layers are ZnO and Al,Os3, respectively. It is clear seen from
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FIGURE 2. (a) The flat band diagrams of devices, (b) the forward and
backward sweeping transfer curves of the floating gate TFTs with different
thickness of the trapping ZnO layers and the control device, (c) the transfer
characteristics of the floating gate TFTs with 10nm thick trapping layer
double swept from —15V to different positive gate voltage, (d) the
saturated memory window with the device of 2nm thick trapping layer. All
of the transfer curves measured under Vpg = 5V.

the enlarged image that the Al,Oj3 thin film is amorphous
and the ZnO thin film is poly-crystal, even the 2 nm thick
ZnO thin film still exhibits micro-crystal property.

Fig. 2(a) shows the energy band diagram of the memory.
The different Fermi levels of the ZnO layers are caused
by their different annealing conditions, including annealing
temperature, time and atmosphere. Since the ZnO channel
layer is annealed and exposed directly to O, ambience, the
thin film exhibits almost insulating performance [17]. While
the ZnO trapping layer is still conductive because of the
coverage of the oxide layers in the following heat treatment.
The more conductive ZnO trapping layer can capture or pro-
vide free electrons for programming or erasing operation [5].
Fig. 2(b) shows the obvious hysteresis -V behaviors of the
ZnO TFTs with width/length ratio of 5 wm/5 pwm under the
sweeping gate voltage from —15 V to +15 V. It is found
from the figure that the memory windows of the devices
with different thicknesses (2nm, 10 nm and 20 nm) of the
ZnO charge-trap layers are measured as 5.7 V, 11.3 V and
7 V, respectively. Compared to the control device without
ZnO charge-trap layer [5], the large clockwise hysteresis has
been realized, since the tunneling electrons are captured by
the ZnO charge-trap layer that has many defects, such as
oxygen vacancies and grain boundaries. Unlike the silicon
nitride in the SONOS structure memory, the ALD ZnO thin
film is conductive and hence provides plentiful free electrons.
When the large negative voltage is applied on the gate elec-
trode, these free electrons in trapping layer will be pushed
through the tunneling layer to channel. The reserved positive
charge results in larger negative shift of the threshold voltage
for the devices with 10 nm and 20 nm thick ZnO trapping
layers. On the contrary, the device with ultra-thin trapping
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FIGURE 3. (a) The layout diagram of the memory device, (b) The I-V curves
of the floating gate TFTs with different areas of the 2nm thick charge-trap
layer, measured under Vpg =5 V, (c) The relationship between the memory
window and the k values of the 10nm thick charge-trap layer, (d) The C-V
characteristics of the flash memory.

layer (2 nm) shows smaller negative shift of the threshold
voltage due to its fewer numbers of charge carriers in the
limited physical space. Owing to the thicker ZnO trapping
layers (20 nm) will weaken the effect of gate electrical field
on the trapping and the channel layers, this device exhibits
smaller memory window and on-current than that of device
with 10 nm trapping layer. Here, we choose the 10nm thick
ZnO thin film as the optimized charge trapping layer of the
memory device. Fig. 2(c) shows the hysteresis /-V curves
of the device with 10 nm trapping layer measured under the
same negative (—15 V) and different positive voltage from
10 V to 18 V. It is noted that the memory window increases
as the programming voltage increases. Eventually, the big-
ger memory window of 15 V is realized at the programming
voltage of 18 V. However, it is not the biggest memory win-
dow, since the number of the electrons trapped from channel
didn’t achieve the saturation state for the 10 nm thick trap-
ping layer. Conversely, as shown in Fig. 2(d), the positive
shift of the threshold voltage will reach a saturated point for
the device with 2 nm trapping layer, when the programming
voltage is larger than 16 V. The case proves that the maximal
number of the trapped electrons depends on the thickness
of the storage layer. If the tunneling electrons exceed the
position of the fixed positive charge provided in the trap-
ping layer, internal electrical field will be built to prevent the
electron tunneling from channel to trapping layer, resulting
in a dynamic balance and limited positive shift.

Fig. 3 (a) shows the layout of our device, where the
red, yellow and blue parts represent ZnO channel/trapping
layer, S/D and top gate electrode, respectively. The black
frame labeled in the red layer represents the effective area
of excluding or attracting electrons from the trapping layer
to the channel layer. This area equals the device width (W)
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times the gate length (Lg). The margin of the active layer
(a and D) is reserved for the process compatibility of the
mis-alignment of photolithography. In order to research
the relationship between the area of the trapping layer and
the memory window, the devices with the same (W, Lg) but
different size of (a, b) were tested as illustrated in Fig. 3 (b).
As increment of the area of the trapping layers, the memory
windows decrease from 5.6 V to 1.6 V. This is possibility
explained by that the same electrons input from the effec-
tive area are distributed to the whole trapping layer due
to the conductivity of the ZnO thin film. The larger area
of the trapping layer, the smaller charge density and hence
smaller memory window. In other words, the different mar-
gin area of the CTL can be equivalent to one electrode plate
of different parasitic capacitors. The input electrons will be
used to charge the parasitic capacitors, resulting in varying
degrees of reduction of the charge density in the whole CTL.
A batch of devices with different area of the trapping lay-
ers is measured to analyze this phenomenon quantitatively.
All of the physical parameters are normalized to a factor
of k that represents the ratio of the total area to the effec-
tive area (black frame in Fig. 3 (a)) of the trapping layer:
k= (W +2a) (L+2b)/WL¢. Fig. 3(c) concludes the effect
of the factor k on the memory window (V) for various
sizes of the devices. It is found that the memory windows
of these devices and the factor k basically match the linear
relationship. Therefore, these data are fitted linearly to an
empirical formula as follows,

AVy = —4.52k + 17.74 (1)

In the fitting results, the standard deviation of the slope
and the intercept are 0.307 and 0.558, respectively. The fit-
ting formula is consistent well with the actual measurement
in general. From the equation, we can obtain the devices with
different memory windows by controlling the area ratio of
the trapping layer precisely. This linear relationship is still
reasonable for devices with different thicknesses of charge-
trapping layers, and may build the theoretical foundation for
many novel designs. For example, in the NAND structure
flash memory, the switch or digital transistor without hystere-
sis and the memory transistor with large hysteresis could be
fabricated in the same process, just by setting the k value to
realize different functions. Furtherly, the capacitance-voltage
(C-V) characteristics of the device with 10 nm thick ZnO
trapping layer is tested as shown in Fig. 3(d). Through the
C-V behaviors of the device, we can roughly calculate the
defect state density of the zinc oxide charge trapping layer
according to the following equation [21],

1
Ncerp = —/C(V)dV 2
qA

The defect density of 5.8x10'? cm™2 is calculated. It not
only includes the defects in the ZnO trapping layer, but also
includes the defects in the Al,O3 tunneling layer and the
interface between different thin films. But it is no doubt that
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FIGURE 4. (a) The P/E and reading operation measurement of the TFT
memory. The blue line represents the gate voltage wave for program, read
and erase. The red point line represents the sampled drain current under
these operation. (b) The relationship between Igy/IggF ratio and the
programming/erasing pulse time. (c) The retention characteristics of the
memory device measured for 30000 s at room temperature. (d) The fatigue
characteristics of the device with repeat operating test for 10,000 cycles.

the number of defects in the ZnO trapping layer is much
larger than that in the others.

In order to verify the memory function of the device
in practical applications, the P/E operations of the float-
ing gate TFTs were tested by the semiconductor analyzer.
Fig. 4 shows the sampling drain current (Ip) varied with the
gate voltage of programming (415 V), erasing (—10 V) and
reading operation (OV). The current ratio (Ion/IoFF) is pro-
portional to the memory window of the flash device. The
pulse widths of the P/E voltages were set as 1ms. Here,
the normal programming and erasing functions of the flash
device are realized. The stored data can be read under low
S/D voltage (Vps = 0.1 V), which will reduce the energy
consumption during the operation. The P/E speed of the flash
memory is one of the most significant performances in the
assessment. As shown in Fig. 4(b), the pulse widths of the
P/E voltages are varied from 1s to 100 us. It is found that
the P/E operation can be achieved and the reading current
ratio is unchanged even if the pulse time of 100 s is applied.
In theory, this device can be operated in faster speed if there
is not limitation of our testing condition.

Another important character of the nonvolatile memory
is how long its data can be retained after power down.
Therefore, the retention property of the device is evalu-
ated in Fig. 4(c). After the device programmed or erased
with gate voltage of —15V or 415 V, the drain current is
tested at the given time points when the reading gate and
S/D voltages are set as 0 V and 0.1 V, respectively. The
device is continuously measured for more than 10 hours
at room temperature and in normal humidity environment.
As a result, no obvious changes of the reading current for
programming or erasing states are found over a period of
30,000 s. It is an excellent result that exceeds many reported
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TABLE 1. Characteristics of various floating gate memories.

Channel/tunneling P/E voltage P/E time Memory Retention P/E Ref
layer/CTL window (charge loss) cycles
Zn0/A1,03/ZnO +15V 100 us 113V 10%s (~0) 10* This work
ZnO/AL,03/ZnO +10V N/A 235V N/A N/A [11]
a-IGZO/ALL0O3/TiAlO +16V 100 ms 574V 10%s (~15%) N/A [15]
1GZO/AL,0/1GZO +11V 100 ms 35V 10%s (~50%) N/A [23]
1GZ0O/AlL,03/(HfO,/ZnO) +25V 500 ps 25V 10%s (~60%) N/A [12]
IGZO/ALL0:/1GZO +20V 1 ms 6.6 V 10* s (~50%) N/A [24]
IGZ0O/Si0,/Sm;03 +15V 100 ms 2.7V 10% s (~15%) 10* [14]
IGZO/A1203/ZA0 +12/20V 1 ms 321V 10*s (>75%) N/A [13]
SONOS +75V 100 ms 2V 106 s (~35%) 103 [2]
Si02/Au-NCs/1GZO +35V 3/25s 47V N/A 1050 [25]
IGZO/HfLaO/HfON +8V 1/0.1 ms 1.2V 103 s (>60%) 102 [26]
p-Si/Si0,/IGZO +18/-23 V 10/100 ms 56V N/A N/A [27]
IGZO/ Al,03/Zn0O +20V N/A 182V N/A N/A [28]
researches [13], [22]. This may be due to the formation REFERENCES

of the Al,O3 tunneling and the ZnO trapping layers in
one-time ALD deposition at 200 °C and etching together.
High qualitative tunneling layer ensures that the charges are
trapped in the trapping layer for long time. Moreover, the
fatigue characteristics of the memory device are also tested
as shown in Fig. 4(d). After 10,000 cycles of programming-
reading-erasing- reading operation, the reading drain current
is still unchanged, demonstrating good reliability of the
memory device. Table 1 summarizes the characteristics of
various charge trapping memory devices. Compared with
the published works, this fabricated device exhibits excellent
comprehensive performance.

IV. CONCLUSION

We propose a transparent floating gate memory based on
ZnO TFT using one-time ALD growth of Al,Oz and
ZnO as the tunneling layer and the trapping layer. This
approach minimizes the effects of external environment
on the device during the fabrication process. The partic-
ular mechanism of the charge trapping/detrapping of the
floating ZnO layer is deeply analyzed. We also investi-
gate the relationship between the area of the charge-trap
layer and the memory window. The linear empirical expres-
sion has been extracted for reference of controlling the
memory window. When the programming and the erasing
voltages are set as +18 V and —15 V, respectively, the
optimized memory TFTs with a 10 nm thick ZnO trap-
ping layer exhibit outstanding characteristics, such as large
memory window of 15V and fast P/E speed of <100 ps,
almost unchanged reading current ratio after long retention
time more than 30,000 seconds and 10,000 times cycling
P/E operation. It is believed that this device will play an
important role in the future transparent or flexible circuit
application.

VOLUME 10, 2022

(1]

(2]

(3]

(4]

[3]

(6]

(7]

(8]

[9]

[10]

[11]

T.-Y. Chiang, W. C.-Y. Ma, Y.-H. Wu, K.-T. Wang, and T.-S. Chao,
“A novel p-n-diode structure of SONOS-type TFT NVM with embed-
ded silicon nanocrystals,” IEEE Electron Device Lett., vol. 31, no. 11,
pp. 1239-1241, Nov. 2010, doi: 10.1109/1ed.2010.2064153.

K. Ramkumar et al, “A scalable, low voltage, low cost
SONOS memory technology for embedded NVM applications,” in
Proc. 5th IEEE Int. Memory Workshop, May 2013, pp. 199-202,
doi: 10.1109/IMW.2013.6582134.

J. Fu et al., “Si-nanowire based gate-all-around nonvolatile SONOS
memory cell,” IEEE Electron Device Lett., vol. 29, no. 5, pp. 518-521,
May 2008, doi: 10.1109/1ed.2008.920267.

S.-J. Choi et al., “Nonvolatile memory by all-around-gate junction-
less transistor composed of silicon nanowire on bulk substrate,”
IEEE Electron Device Lett., vol. 32, no. 5, pp. 602-604, May 2011,
doi: 10.1109/1ed.2011.2118734.

Z. Ye, Y. Yuan, H. Xu, Y. Liu, J. Luo, and M. Wong, “Mechanism
and origin of hysteresis in oxide thin-film transistor and its application
on 3-D nonvolatile memory,” IEEE Trans. Electron Devices, vol. 64,
no. 2, pp. 438-446, Feb. 2017, doi: 10.1109/ted.2016.2641476.

S.-J. Kim, M.-J. Park, D.-J. Yun, W.-H. Lee, G.-H. Kim, and
S.-M. Yoon, “High performance and stable flexible memory thin-
film transistors using In-Ga—Zn-O channel and ZnO charge-
trap layers on poly(ethylene naphthalate) substrate,” IEEE Trans.
Electron Devices, vol. 63, no. 4, pp. 1557-1564, Apr. 2016,
doi: 10.1109/ted.2016.2531087.

H.-R. Kim, C.-S. Kang, S.-K. Kim, C.-W. Byun, and S.-M. Yoon,
“Characterization on the operation stability of mechanically flexible
memory thin-film transistors using engineered ZnO charge-trap lay-
ers,” J. Phys. D Appl. Phys., vol. 52, no. 32, 2019, Art. no. 325106,
doi: 10.1088/1361-6463/ab2303.

P. K. Singh, G. Bisht, R. Hofmann, K. Singh, N. Krishna, and
S. Mahapatra, “Metal nanocrystal memory with Pt single- and
dual-layer NC with low-leakage Al,O3 blocking dielectric,” IEEE
Electron Device Lett., vol. 29, no. 12, pp. 1389-1391, Dec. 2008,
doi: 10.1109/1ed.2008.2007308.

P-H. Cheng, S.-H. Huang, and F-M. Wu, “Study of memory
performance and electrical characteristics for metal nanocrystal mem-
ories,” IEEE Trans. Nanotechnol., vol. 11, no. 1, pp. 164-171,
Jan. 2012, doi: 10.1109/tnano.2011.2169278.

J. Lee et al., “Material and electrical characterization of stackable
planar polysilicon TFT flash memory cell with metal nanocrystals
and high-k dielectrics,” in Proc. IEEE Int. SOI Conf., Oct. 2008,
pp- 39-40, doi: 10.1109/SOIL.2008.4656284.

F. B. Oruc, FE Cimen, A. Rizk, M. Ghaffari, A. Nayfeh, and
A. K. Okyay, “Thin-film ZnO charge-trapping memory cell grown
in a single ALD step,” IEEE Electron Device Lett., vol. 33, no. 12,
pp. 17141716, Dec. 2012, doi: 10.1109/1ed.2012.2219493.

279


http://dx.doi.org/10.1109/led.2010.2064153
http://dx.doi.org/10.1109/IMW.2013.6582134
http://dx.doi.org/10.1109/led.2008.920267
http://dx.doi.org/10.1109/led.2011.2118734
http://dx.doi.org/10.1109/ted.2016.2641476
http://dx.doi.org/10.1109/ted.2016.2531087
http://dx.doi.org/10.1088/1361-6463/ab2303
http://dx.doi.org/10.1109/led.2008.2007308
http://dx.doi.org/10.1109/tnano.2011.2169278
http://dx.doi.org/10.1109/SOI.2008.4656284
http://dx.doi.org/10.1109/led.2012.2219493

ELECTRON DEVICES SOCIETY

ZHANG et al.: TRANSPARENT FLOATING GATE MEMORY BASED ON ZnO THIN FILM TRANSISTOR

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

S.-Y. Na and S.-M. Yoon, “Impacts of HfO,/ZnO stack-structured
charge-trap layers controlled by atomic layer deposition on non-
volatile memory characteristics of In-Ga-Zn-O channel charge-trap
memory thin-Film Transistors,” IEEE J. Electron Devices Soc., vol. 7,
pp. 453461, 2019, doi: 10.1109/jeds.2019.2908255.

S. Chen, W.-P. Zhang, X.-M. Cui, S.-J. Ding, Q.-Q. Sun,
and W. Zhang, “Monochromatic light-assisted erasing effects of
In-Ga-Zn-O thin film transistor memory with AlyO3/Zn-doped
AlpO3/A1,03 stacks,” Appl. Phys. Lett., vol. 104, no. 10, 2014,
Art. no. 103504, doi: 10.1063/1.4868387.

J.-L. Her, F.-H. Chen, C.-H. Chen, and T.-M. Pan, “Electrical charac-
teristics of gallium—indium-zinc oxide thin-film transistor non-volatile
memory with SmpO3 and SmTiO3 charge trapping layers,” RSC Adpv.,
vol. 5, no. 12, pp. 8566-8570, 2015, doi: 10.1039/c4ral5538f.

W. Zhang et al, “Demonstration of «-InGaZnO TFT non-
volatile memory using TiAlO charge trapping layer,” IEEE
Trans. Nanotechnol., vol. 17, no. 6, pp. 1089-1093, Nov. 2018,
doi: 10.1109/tnano.2018.2810885.

S. Kim, W. Lee, and S. Yoon, “Nonvolatile memory performances of
transparent and/or flexible memory thin-film transistors using IGZO
channel and ZnO charge-trap layers,” in Proc. 22nd Int. Workshop
Active Matrix Flatpanel Displays Devices (AM-FPD), Jul. 2015,
pp. 21-23, doi: 10.1109/AM-FPD.2015.7173185.

Z. Ye et al, “Highly stable atomic layer deposited zinc oxide
thin-film transistors incorporating triple O, annealing,” IEEE Trans.
Electron Devices, vol. 64, no. 10, pp. 4114-4122, Oct. 2017,
doi: 10.1109/ted.2017.2737552.

W. Zhao et al., “High-gain transparent inverters based on deuter-
ated ZnO TFTs fabricated by atomic layer deposition,” [EEE
Electron Device Lett., vol. 41, no. 10, pp. 1508-1511, Oct. 2020,
doi: 10.1109/1ed.2020.3018443.

H. Xu, Z. Ye, N. Liu, Y. Wang, N. Zhang, and Y. Liu,
“Low-power transparent RFID circuits using enhancement/depletion
logic gates based on deuterium-treated ZnO TFTs,” IEEE Electron
Device Lett., vol. 38, no. 10, pp. 1383-1386, Oct. 2017,
doi: 10.1109/1ed.2017.2737583.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

A. Jiang et al., “Transparent capacitive-type fingerprint sens-
ing based on zinc oxide thin-film transistors,” [EEE Electron
Device Lett., vol. 40, no. 3, pp.403-406, Mar. 2019,
doi: 10.1109/1ed.2019.2895830.

S.-K. Wang et al., “Modification of AlO3/InP interfaces using sulfur
and nitrogen passivations,” J. Appl. Phys., vol. 121, no. 18, 2017,
Art. no. 184104, doi: 10.1063/1.4982904.

D. Gupta, M. Anand, S.-W. Ryu, Y.-K. Choi, and S. Yoo, “Nonvolatile
memory based on sol-gel ZnO thin-film transistors with Ag nanoparti-
cles embedded in the ZnO/gate insulator interface,” Appl. Phys. Lett.,
vol. 93, no. 22, 2008, Art. no. 224106, doi: 10.1063/1.3041777.

H. Yin et al., “Fully transparent nonvolatile memory employing amor-
phous oxides as charge trap and transistor’s channel layer,” Appl. Phys.
Lett., vol. 93, no. 17, 2008, Art. no. 172109, doi: 10.1063/1.3012386.
D.-J. Yun, H.-B. Kang, and S.-M. Yoon, “Process optimization and
device characterization of nonvolatile charge trap memory transistors
using In-Ga-ZnO thin films as both charge trap and active channel
layers,” IEEE Trans. Electron Devices, vol. 63, no. 8, pp. 3128-3134,
Aug. 2016, doi: 10.1109/ted.2016.2580220.

J. Jang et al., “Endurance characteristics of amorphous-InGaZno trans-
parent flash memory with gold nanocrystal storage layer,” IEEE
Trans. Electron Devices, vol. 58, no. 11, pp. 3940-3947, Nov. 2011,
doi: 10.1109/ted.2011.2164252.

N.-C. Su, S. J. Wang, and A. Chin, “A nonvolatile InGaZnO charge-
trapping-engineered flash memory with good retention characteristics,”
IEEE Electron Device Lett., vol. 31, no. 3, pp. 201-203, Mar. 2010,
doi: 10.1109/1ed.2009.2037986.

M.-F. Hung, Y.-C. Wu, J.-J. Chang, and K.-S. Chang-Liao, “Twin
thin-film transistor nonvolatile memory with an indium-gallium-zinc—
oxide floating gate,” IEEE Electron Device Lett., vol. 34, no. 1,
pp. 75-77, Jan. 2013, doi: 10.1109/1ed.2012.2226232.

H.-J. Ryoo and S.-M. Yoon, “Channel conductance modulation of
dual-gate charge-trap oxide synapse TFT using In-Ga-Zn-O channel
and ZnO trap layers,” IEEE Electron Device Lett., vol. 41, no. 11,
pp. 1661-1664, Nov. 2020, doi: 10.1109/1ed.2020.3023138.

VOLUME 10, 2022


http://dx.doi.org/10.1109/jeds.2019.2908255
http://dx.doi.org/10.1063/1.4868387
http://dx.doi.org/10.1039/c4ra15538f
http://dx.doi.org/10.1109/tnano.2018.2810885
http://dx.doi.org/10.1109/AM-FPD.2015.7173185
http://dx.doi.org/10.1109/ted.2017.2737552
http://dx.doi.org/10.1109/led.2020.3018443
http://dx.doi.org/10.1109/led.2017.2737583
http://dx.doi.org/10.1109/led.2019.2895830
http://dx.doi.org/10.1063/1.4982904
http://dx.doi.org/10.1063/1.3041777
http://dx.doi.org/10.1063/1.3012386
http://dx.doi.org/10.1109/ted.2016.2580220
http://dx.doi.org/10.1109/ted.2011.2164252
http://dx.doi.org/10.1109/led.2009.2037986
http://dx.doi.org/10.1109/led.2012.2226232
http://dx.doi.org/10.1109/led.2020.3023138


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


