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ABSTRACT We fabricated the charge-trap memory thin film transistors (CTM-TFTs) using
InGaZnO (IGZO) active channel and HfO,/ZnO stack-structured charge-trap layer (CTL). To investi-
gate the effects of the number and thickness of HfO; layers inserted between the ZnO within the stack
structured CTLs on the device characteristics, 2-nm-thick HfO, thin films were inlaid once, twice, and four
times, and 4-nm-thick HfO; layers were introduced twice between the ZnO layers. The CTM-TFTs using
the stack structured CTLs with 4-nm-thick HfO; layers showed good memory characteristics, including
large memory window (MW) of 25 V and rapid program/erase (P/E) speed of 500 us because of high total
trap density of HfO, with a sufficient thickness to provide charge-trap centers. On the contrary, relatively
narrow MW of 16 V and slower P/E speed of 100 ms were obtained for memory device using the stacked
CTL with four HfO; layers of 2 nm. The HfO; layer with a thickness as thin as 2 nm was supposed
to act as just dielectric films deactivating the trapping or migration of electron charges due to too thin
film thickness. The gate-stack structures confirmed from STEM images suggested that the modulations
in memory device characteristics with different CTL structures resulted from the variations in designs of
stack structured CTLs when the interface qualities within the gate-stacks were well prepared. Moreover,
the detailed fabrication conditions were found to be important control parameters to reproducibly obtain

reliable memory device characteristics.

INDEX TERMS High-k material, HfO,, ZnO, ALD, IGZO charge-trap memory.

I. INTRODUCTION

Charge-trap memory thin-film transistors (CTM-TFTs) uti-
lizing oxide semiconductor channels like an amorphous
In-Ga-Zn-O (a-IGZO) have attracted much attentions for
novel electronic devices. Thanks to lots of advantages such
as low-temperature process compatibility and optical trans-
parency, they can be utilized for various applications such as
flexible and transparent electronic systems. [1]-[4] However,
to realize more advanced nonvolatile memory devices for

next-generation consumer electronic applications, the wide
memory window (MW), fast program/erase (P/E) speed, and
long retention time should be simultaneously guaranteed with
a lower-power consumption. On the contrary, it is difficult
to obtain a fast P/E speed, low voltage operation, and a long
retention time at the same time because of their trade-off
relationship. The tunneling oxide thickness can be reduced
for achieving fast P/E speed and low voltage operation, which
can enhance the program efficiency due to a higher electric
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field applied across the gate-stack. However, the leakage cur-
rent increases and hence the retention property is degraded.
Alternatively, when the tunneling layer thickness increases,
the retention time will be elongated due to reduced leak-
age component but the longer and higher voltage signals are
required for the P/E operations.

The charge-trap layer (CTL) plays important roles in the
oxide semiconductor CTM-TFTs. The CTL determines over-
all memory performances related to the efficiency of charge
trap/detrap events. Various CTL materials have been investi-
gated to improve the memory characteristics, such as metal
nanoparticle, rare-earth oxide film, and oxide semiconduc-
tor [5]-[8]. Among them, the oxide semiconductor can be
utilized for the CTL due to thier unique band structure.
The IGZO, which is widely used as a channel material for
the oxide semiconductor TFTs, was also used as a CTL by
controlling the deposition conditions and the program capa-
bility with the Vg shift wider than 3.8 V was obtained
with a 10-ms program pulse. However, the device proper-
ties including long program time and long-term reliabilities
needed to be improved [9]. The ZnO was also chosen as
one of the oxide semiconductor CTLs considering its intrin-
sic defects of shallow and deep level states. According to
prior researches on the ZnO CTLs, [10] the memory device
showed the Vg shift of 2.35 V when the gate voltage was
swept from —25 to 25 V for P/E operations. Previously,
the CTM-TFTs were successfully demonstrated to exhibit
sound memory characteristics on plastic PEN substrates as
well as rigid glass substrates [11]-[12]. Therefore, the oxide
semiconductor, especially ZnO, is a potential CTL candidate
for the oxide CTM TFTs. However, it has been a hard task
to obtain faster P/E speed, low voltage operation and longer
retention time at the same time when the ZnO CTL has been
employed.

From these technical backgrounds, it will be useful to
consult from the typical examples developed in Si-based
charge-trap flash (CTF) memories, in which specified materi-
als composing the gate-stack structure including charge-trap,
tunneling, and blocking oxide layers have been replaced.
Especially, the SizNy, that has been commonly used as a CTL
for the CTFs, can be substituted with high-k dielectrics.
Furthermore, the multi-stack-structured CTLs using high-k
materials have been recently introduced. High-k dielectrics
can also be promising candidates for CTLs for oxide
CTM-TFTs because of their several advantages such as
high dielectric constant as well as high trap density and
high charge-trap efficiency due to their intrinsic defects.
Furthermore, the improvements in P/E speed and retention
time have been reported by introducing the high-k CTLs.
There have been numerous works introducing the high-k
CTLs such as Al,O3, TayOs5, ZrO,, and HfO, and their
multi-stack structures in Si-based CTFs [13]-[18]. Among
them, a HfO, has been widely employed as a CTL because
of its wide band gap (~5.7 eV), high dielectric constant
(~25), and charge-storage capability even at a low volt-
age [19]-[20]. The memory devices employing the HfO;
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CTL showed a low leakage current density and superior
device performance compared with those using the SizNy
CTL [21]. Thus, the introduction of high-k HfO, layers
between the ZnO to build the designed multi-layer stacked
CTLs can be a promising strategy to enhance the overall
memory characteristics of our proposed CTM-TFTs.

Meanwhile, the deposition method of CTL is also one
of the important strategies to be considered. To obtain well-
designed stack-structured HfO,/ZnO CTL, the film thickness
and uniformity should be controlled in a nanometer scale.
Moreover, each layer should remain smooth surface for
forming good interfaces with other layers. Therefore, the
atomic-layer deposition (ALD) can be a promising method to
uniformly form the functional oxide thin films in their thick-
nesses and compositions. One of the specified benefits of
ALD is to form the laminated film structures by designing the
ALD cycle configuration. By adding or subtracting several
cycles of precursors, we can design the multi-layer structures
composed of each oxide film with planned composition and
thickness.

Thus, in this work, we uniquely introduced a stack-
structured CTL with HfO,/ZnO multi-layers using ALD
process and investigated the effects of ALD cycle configura-
tion of stack-structured CTLs on the memory characteristics
of the fabricated CTM-TFTs. It is the first time to suggest
the stacked CTLs using combinations of oxide semiconduc-
tor and high-k dielectric. A few layers of high-k HfO; thin
films were inserted between the ZnO semiconducting lay-
ers, which were confirmed to show sound CTL behaviors.
The ALD cycle configuration was designed so as to confirm
two effects of the inserted HfO,, which were the number of
inserted HfO, layers and the thickness of HfO; introduced
at once. The CTM-TFTs using the HfO»/ZnO stacked CTL
with good interface qualities showed sound memory oper-
ations including rapid P/E speed as well as large memory
window by adding a few layers of HfO, with a sufficient
thickness to work as CTL. The physical origins of the varia-
tions in memory device characteristics with various stacked
CTL structures were extensively discussed and the impacts
of the device fabrication process was also suggested as one of
the important controlling parameters influencing the device
performance.

Il. EXPERIMENT

We firstly prepared metal-Al,O3-HfO;-Al,03-Si (MAHAS)
capacitors in order to check the charge-trap feasibility
of HfO, itself. A 3-nm-thick Al,O3 tunneling layer was
deposited by ALD at 180 °C on the cleaned p-type Si
substrates. Then, an 8-nm-thick HfO, CTL was formed at
different ALD temperatures. When the ALD temperatures
were varied to 100, 150, and 250 °C, the cycle numbers
for depositing HfO, were controlled as 80, 80, and 100,
respectively, considering a different deposition rates at each
temperature condition. A 50-nm-thick Al,O3 blocking oxide
was deposited using ALD at 150 °C. A 100-nm-thick Al was
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formed as top electrode using thermal evaporation and pat-
terned with the size of 200x200 wm? by photolithography
and lift-off process. The backside contact was formed by
using silver paste.

We fabricated the top-gate CTM-TFTs using HfO,/ZnO
stacked-CTLs on the indium-tin oxide (ITO)-coated glass
substrates. The ITO was patterned into source/drain (S/D)
electrodes using photolithography and wet-etching process.
A 25-nm-thick amorphous In-Ga-Zn-O (IGZO) was formed
as an active layer using RF magnetron sputtering at room
temperature (RT) with an IGZO (In:Ga:Zn=2:1:2 atomic
ratio) single target. An Al,O3 tunneling oxide was deposited
in two steps in order to protect the IGZO active layer
from chemical damages during the CTL patterning pro-
cess. The first S-nm-thick Al,O3 tunneling layer was
formed via ALD at 180 °C. Then, the stacked struc-
ture of IGZO and the first tunneling layer were pat-
terned by a diluted hydrofluoric acid-based (DHF) wet
etchant. Next, 5-nm Al;O3, 22-nm HfO,/ZnO, and 3-nm
AlpO3 layers were deposited consecutively by ALD with-
out breaking a vacuum at 180, 100, and 150 °C, as
the second tunneling, charge-trap, and top protection lay-
ers, respectively. Trimethylaluminium (TMA), diethylz-
inc (DEZ), tetrakis(ethylmethylamino)hafnium (TEMAHY)
and water vapor (H,O) were employed as aluminum, zinc,
hafnium precursors and oxidant, respectively. After one-step
etching for the second tunneling and charge-trap layers,
a 50-nm-thick Al,O3 blocking layer was deposited by ALD
at 150 °C and patterned using phosphoric acid for metal con-
tact. Finally, the ITO film with a thickness of 150 nm was
prepared via DC sputtering and patterned as gate electrodes
and S/D pads by lift-off process. Figures 1(a) and 1(b) show
cross-sectional views of the fabricated MAHAS capacitor
and CTM-TFT, respectively.

The HfO,/ZnO stack-structured CTL is the most impor-
tant part to determine the device properties in this work. The
main idea is adding high-k HfO, thin films into the ZnO
layers. The ALD cycle configurations were designed to fig-
ure out the effects of the number of HfO, layers inserted
between the ZnO and the thickness of one inserted layer
of HfO;. Detailed ALD cycle configurations for the stacked
CTLs were designed as follows: HfO; thin films were inlaid
once, twice, and four times between the ZnO layers, in
which the ALD cycles of inserted HfO, layer was set as
10 and the supercycle was adjusted to obtain total CTL
thickness of 22 nm. The thickness of one inserted layer of
HfO; corresponds to 2 nm. For conveniences, we termed
these devices as S1, S2, and S3, respectively. The S4 was
also prepared to examine the thickness effect of inserted
HfO, layer, in which a 20-cycled HfO, layers with a thick-
ness of 4 nm were inlaid twice between the ZnO. All the
inserted HfO, layers were positioned to keep them with an
equal distance. The designed ALD cycles were illustrated
in Fig. 1(c).

Chemical bonding characteristics were analyzed by X-ray
photoelectron spectroscopy (XPS) using Al K radiation at
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FIGURE 1. Schematic cross-sectional view of the fabricated MAHAS
capacitors and (b) IGZO CTM-TFTs using HfO,/ZnO stack-structured CTLs.
(c) ALD cycle configurations for the Hf0,/ZnO stack CTLs for the S1, S2, S3,
and S4.

a scan step of 0.05 eV. The cross-sectional microstructures
of the fabricated CTM devices were visually observed by
scanning transmission electron microscopy (STEM, JEM-
ARM200F) at an accelerating voltage of 200 kV. The TEM
samples were prepared using a dual-beam focused ion beam
(FIB, FEI, Nova200) in TEM sample preparation mode. The
observation areas were determined at edge and center regions
of the CTL, as indicated in Fig. 1(b).

The device characteristics of the fabricated MAHAS
capacitors and IGZO CTM-TFTs were evaluated by using
a semiconductor parameter analyzer (Keithley 4200SCS) and
a pulse generator (HP 8110A) in a dark box at RT. The gate
width (W) and length (L) of the evaluated TFTs were 40
and 40 pm, respectively. The overlap margin between the
IGZO active layer and CTL was 5 pm on both sides of the
electrodes.

1Il. RESULTS AND DISCUSSION

A. INVESTIGATIONS ON THE FEASIBILITY OF HFO, AS
CHARGE TRAP LAYER

Figure 2(a) shows the high-frequency (1 MHz) capacitance-
voltage (C-V) characteristics for the MAHAS -capacitors
using HfO, CTLs deposited at various ALD temperatures of
100, 150, and 250 °C. All devices showed counterclockwise
hysteresis in C-V curves, which means that the charge-
trapping events occurred in HfO, thin films, when the gate
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FIGURE 2. (a) Comparison of C-V curves among the MAHAS capacitors
with HfO, CTLs prepared at deposition temperatures of 100, 150, and

250 °C at 1 MHz. (b) C-V curves of the MAHAS capacitors using HfO,
deposited at 100 °C with different gate voltage sweep ranges from +10 to
+25 V.

voltage (Vgs) was swept from —15 to +15 V and then
reversed to —15 V. However, the width of MW, which is
defined as the difference of the flat-band voltage between
the program and erase states generated by charge-trap/detrap
events, were remarkably dependent on the deposition tem-
perature. While there was no marked difference in the MW
when the ALD temperature was varied from 100 to 150 °C,
the MW width significantly decreased with increasing the
ALD temperature from 150 to 250 °C. These results sug-
gest that the HfO; thin films deposited at a temperature
lower than 150 °C can exhibit higher charge-trap capability.
These temperature-dependent nonvolatile memory properties
can be explained by the predominant physisorption and weak
thermal decomposition at low deposition temperature. Thus,
imperfect chemical reactions can induce more trap sites
such as functional adsorption sites and oxygen vacancies.
The devices showed slight dispersion of capacitance values
due to the differences in dielectric constants depending on
the ALD temperatures. The capacitance at an accumulation
region increased as increases in ALD temperature owing to
the increment of dielectric constant of the HfO, film [22].
Thickness variations might also influence on the capacitance
dispersions, even though we calibrated the film thickness
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considering the deposition rate depending on the ALD tem-
perature. The MW of the MAHAS capacitors using the HfO;
deposited at 100 °C increased from 7.6 to 27.6 V when the
Vs sweep ranges were varied from £10 to +25 V, respec-
tively, as shown in Fig. 2(b). It is noteworthy that the MW
width could be controlled by the P/E voltage ranges. The dif-
ference in memory device characteristics depending on the
deposition temperature can also be examined from the XPS
results. Figures 3(a) and (b) show the O 1s spectra and their
deconvolution fitting curves of the HfO, thin films prepared
at deposition temperature of 150 and 250 °C, respectively.
The Shirley type background was utilized and the back-
ground binding energy was set from 527 to 535 eV. The
peaks of oxygens in oxygen lattices, oxygen vacancies, and
contaminations in O 1s spectra were decomposed to be about
530.8, 531.2, and 532.2 eV, respectively. The relative areal
ratios of each bonding to the total area in the O Is spectrum
were shown in Fig. 3(c). The relative areal percentage of oxy-
gen vacancies were 24.4 and 16.6 % for the HfO, grown at
150 and 250 °C, respectively. When the deposition tempera-
ture increased, relative areal percentage of oxygen vacancies
and contamination decreased. It was confirmed from these
results that the HfO, thin films deposited at an ALD tem-
perature lower than 150 °C can be utilized as promising
CTLs for the proposed CTM-TFTs thanks to high-density
trap sites such as oxygen vacancies induced by incomplete
chemical reactions due to lack of thermal energy during the
ALD process.

B. DEVICE CHARACTERISTICS OF THE CTM-TFTS USING
THE HFO,/ZNO STACKED CHARGE TRAP LAYERS

Figure 4(a) shows the drain current — gate voltage (Ips-
Vgs) characteristics of S1, S2, S3, and S4 devices using the
HfO,/ZnO stacked CTLs, in which CTLs were deposited
at 100 °C on the basis of the previous results obtained at
MAHAS capacitors. All devices showed the MW of at least
16 V when the Vgs was swept in the range from —25 to
25 V in forward and reverse directions. The MW values
of S1, S2, S3, and S4 devices were measured to be 21.2,
21.4, 16.6, and 25 V, respectively. While the S4 showed the
largest MW, the S3 showed the narrowest MW. The sig-
nificant variations in the MW among the devices can be
explained by the effect of HfO, layers inserted between the
ZnO layers. The thickness of inserted HfO, was expected to
be about 2 nm for the S1, S2, and S3 devices according to
the designed ALD configuration [Fig. 1(c)]. However, it can
be supposed that 2-nm-thick HfO, layer is too thin to trap
the charges but may act as a just insulator. Thus, the MW of
the S3 was relatively narrow due to the counteraction against
the charge-traps within a thin HfO, layer. On the other hand,
considering that the MW of the S4 was markedly larger than
other devices, the thickness of the inserted HfO; layer should
be prepared to be as thick as 4 nm in order to work as CTL
due to higher total trap densities. Nevertheless, the S1 and
S2 exhibited similar MW values. It can be suggested that
2-nm-thick HfO; thin films inserted between the ZnO layers
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FIGURE 3. Variations of the O 1s spectra in HfO, thin films deposited
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ratio for each peak to total peak area.
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do not significantly influence on the memory properties when
the HfO, layer was introduced once or twice because they
occupy only a small proportion within the total CTL struc-
tures. However, when more than four layers of 2-nm-thick
HfO, were inserted between the ZnO, the total thickness of
CTL that can actually trap the charges markedly decreased
and the charge-trap events were suppressed to the contrary.
The MWs for all the devices almost linearly increased with
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FIGURE 4. (a) Comparison of Ipg-Vgs characteristics for the S1, S2, S3,
and S4 using the Hf0,/Zn0 stack CTLs. The Vgg was swept in the ranges
from —25 to 25 V at Vpg of 0.1 V. (b) Variations in the MW depending on
gate voltage sweep ranges for the S1, S2, S3, and S4.

increasing the Vgg sweep range from +10 to 25 V due to
the increases in total number of trapped charges, as shown
in Fig. 4(b). All the devices except for the S3 showed
clear MW even at a Vgs sweep range of 10 V. Thus,
the MW was found to be readily modulated by just control-
ling the Vg sweep range due to the efficient charge-trapping
effects.

Next, the P/E speeds of the fabricated devices, which is
one of the essential memory performances, were investigated.
Figure 5 represents the variations in the programmed Ipg
values for each device when the read-out voltage (Vg) was
fixed at 0 V. The pulse width was varied to 1 s, 10 us,
100 s, 500 ws, 1 ms, 10 ms, 100 ms, 200 ms, 500 ms,
and 1 s when the pulse amplitudes were set as —20 and
+20 V for P/E operations, respectively. The S3 showed the
memory on/off ratio as high as 107 only when the pulse
width was controlled to be longer than 100 ms. On the
contrary, for the S1 and S2, the on/off ratio higher than 107
could be obtained even with 100-ps-wide P/E pulses. For
the S4, the P/E pulses as long as 500 ws was required to
secure the on/off ratio of 107. These results were attributed
to the differences in number and thickness of inserted HfO,
layers. First, in terms of number of inserted HfO, layer,
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respectively. The read-out voltage was set as 0 V and a Vpg of 0.1 V.

the charge-trap operations as well as the drifts of charges
injected from the channel were suggested to be markedly
interrupted with increasing the number of the inserted thin
HfO, layers when the inserted HfO, thickness was 2 nm. As
a result, the S3 with the largest portion of 2-nm-thick HfO,
layers within total CTL stack showed the narrowest MW
and the slowest P/E speed. Whereas, the S4 representing
the widest MW showed degraded P/E speed compared with
the S1 and S2. Thus, secondly, in terms of thickness of
the inserted HfO, layers, the total P/E speed for the stack
CTL was dominantly determined by the thickness of HfO»
inserted at once. That is, the migration velocity of trapped
charges within the 4-nm-thick HfO, layer was supposed to
be slower than that within the ZnO layer and hence the P/E
operations may be retarded, although the HfO; can be acted
as a promising CTL.

Figures 6(a) and 6(b) show the schematic illustrations of
the band diagrams for the S3 and S4, respectively, when no
external field was applied to gate terminal. For the S3 shown
in Fig. 6(a), the electrons injected from the active channel
just pass through the HfO, layer and are trapped in only ZnO
layers because the HfO; thickness is too thin to effectively
trap the electrons compared to the ZnO layers. Therefore, it
takes more time to sufficiently trap the charges within total
CTL structure due to the inserted dielectric HfO; layer, and
hence, the P/E speed of the S3 may be lag behind. On the
contrary, for the S4 [Fig. 6(b)], since 4-nm-thick HfO; lay-
ers can be acted as effective CTLs, parts of electrons can
be easily trapped in the 4-nm-thick HfO; layers and oth-
ers can migrate through the total CTL structures during the
charge-trap events, even though their velocity is not so fast.
Thus, the P/E speed of the S4 was examined to be faster
than that of the S3, as shown in Fig. 5. Alternatively, it is
interesting to note that the S1 and S2 did not exhibit any
marked differences in their memory characteristics including
the MW and P/E speed, as discussed above. We expect that
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FIGURE 6. Schematic illustration of band diagram of the stack structured
CTLs for the (a) S3 and (b) S4 devices, respectively, without application of
external electric field. The movements of electron charges within the
different CTL structures for both devices were indicated by arrows.
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FIGURE 7. Cross-sectional STEM-HAADF images at active channel planar
regions for the (a) S3 and (b) S4, respectively. Cross-sectional
STEM-HAADF images at overlap region at

source (drain)/channel/tunnel/charge trap layer for the (c) S4.

the memory retention properties will be different between
the S1 and S2 because the 2-nm-thick HfO, layers might
impede the charge trapping into the CTL and retaining the
trapped charges. However, because the device fabrication
process should be additionally improved to fairly evaluate
the memory retention characteristics, which will be dis-
cussed in the next section, the data retention properties of
our proposed CTM-TFTs and their comparisons among the
controlled devices will be carefully investigated as future
works.

C. IMPACTS OF THE INTERFACE QUALITIES IN THE
STACKED CTLS ON DEVICE CHARACTERISTICS

Figures 7(a) and 7(b) show the STEM images of the S3 and
S4 devices in planar regions, representatively. All the layers
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have uniform surfaces and well-distinguished clear interfaces
between the layers with a benefit of ALD process. Both
devices have the same thicknesses of IGZO active, Al;O3
first and second tunneling, and Al,O3 blocking layers, which
were estimated to be 25, 5, 5, and 50 nm, respectively. These
values were well accordance with our designs. As a main
concept of device structure, the stacked CTLs of the S3 and
S4 display obvious distinctions at the planar region on the
active channel. The total thicknesses of the CTLs for both
devices were 22 nm. For the S3, the stacked CTL included
four layers of HfO, with a thickness of approximately 2 nm
between the ZnO layers. On the other hand, thicker HfO;
layers of 4 nm were inlaid twice between the ZnO for the S4.
Although the well-designed CTL structures were achieved
in the planar channel region, it would be more important
to carefully control the conformal interfaces within the gate
stack structures at the overlapped regions among the Al,O3
tunneling, IGZO active, and ITO S/D layers in order to
obtain the memory characteristics as designed and expected.
It was previously reported for our fabricated CTM-TFTs
that the charge trap/detrap events were mainly determined
at these overlapped regions due to the electric field con-
centration caused by rough surfaces locally damaged during
the wet etching process [23]. Therefore, it is also important
to carefully check the interface qualities within the gate-
stacks at the overlapped regions. Figure 7(c) represents the
STEM images of the overlapped region for the S4. Even
though the overlapped regions appeared to be rather rough
and rippling due to the tapered slope and rugged surfaces
of ITO layers caused by wet etching process, the interfaces
were so clearly defined between the layers, and each layer
composing the stacked CTL structure was formed with uni-
form thickness along the surface of a lower layer without
any disconnection and/or aggregation. In other words, each
layer was conformally formed to have designed film thick-
ness, and this device showed good memory characteristics,
as discussed above. Thus, when the designed stacked CTLs
could be well prepared within the gate-stack structures at
planar channel region as well as at overlapped regions,
the memory operations of the fabricated CTM-TFTs could
be effectively modulated with the differently designed CTL
structures.

Here, we suggest the additional impacts of fabrication
process as important and interesting control parameters influ-
encing on the memory device characteristics. Alternatively,
the reliability and reproducibility of the proposed CTM-TFTs
employing the designed stacked CTLs should be carefully
checked, even though the best devices exhibited the sound
memory characteristics as expected. Especially, as mentioned
above, the gate-stack structures including the stacked CTLs
should be identically prepared at the overlapped regions to
satisfy the device reproducibility. In order to experimen-
tally verify this important issue, several number of devices
with the same structure of stacked CTL were repeatedly
fabricated and the microstructures at the overlapped regions
of the fabricated devices were analyzed with TEM images.
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FIGURE 9. Typical characterizations on the memory retention properties of
the on- and off-programmed currents for the device

S2 fabricated (a) before and (b) after the subsequent improvements in
process conditions.

Figures 8(a) and (b) represent the STEM images of addi-
tionally fabricated two devices using 4-nm-thick HfO; layers
inserted twice, respectively. Figure 8(c) shows the compar-
isons of the memory characteristics among the additionally
fabricated devices and the S4 discussed in Section II. For
convenience, the additionally fabricated two devices were
termed F2 and F3, respectively. The device S4 were con-
firmed to show good memory characteristics thanks to
well-prepared interfacial qualities within the gate-stacks, as
shown in Fig. 7(c). On the contrary, for the device F2 shown
in Fig. 8(a), the contact regions between the ITO S/D
and IGZO active layers were incompletely formed with
distinct interface boundaries, as indicated by arrow A in
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Fig. 8(a). In addition, tunneling layer failed to have smooth
surface and uniform thickness, as indicated by arrow B
in Fig. 8(a), owing to uneven film surface of the 1GZO
active layer compared with well-fabricated devices. Poor
qualities of contact reasons between the S/D and active lay-
ers may limit the on-current owing to considerable amount
of contact resistance [24]. As results, the F2 showed the
marked degradations in device characteristics including high
off-current and low on-current, as confirmed in Fig. 8(c).
Alternatively, for the device F3 shown in Fig. 8(b), the
interfaces within the gate-stacks composed of active, tunnel-
ing, and charge trap layers were not clearly discriminated,
showing undesirable inter-diffusion, as described in box
area A in Fig. 8(b). Especially, the tunneling layer thickness
could not be accurately defined due to the formation of inter-
facial transition layer. As results, the F3 exhibited narrower
MW compared with the S4 because of poor interfacial qual-
ities of the gate-stack. Furthermore, the long-term memory
retention, which is one of the important performances to
be carefully checked for memory devices, was found to be
sensitively influenced by slight differences in final device
structures resulted from the minute changes in processes
at each fabrication than the device characteristics including
the charge-trap assisted MW and P/E program operations.
In other words, the fabrication process details and result-
ing final device structure should be very carefully controlled
for accurately comparing the memory retention performance
among the devices with differently designed CTL structures
proposed in this work. However, unfortunately, it was very
difficult to reproducibly prepare the gate-stack structures,
because the gate-stacks composed of several-nm-thick thin
films can be easily deteriorated during the device fabri-
cation processes such as wet etching. Figure 9(a) shows
the memory retention properties of the firstly fabricated S2.
While there was no marked variation in programmed cur-
rent of the on-state with time evolution, the off-programmed
current drastically increased with a lapse of retention time.
From these results, it can be suggested that the charges could
not be stably trapped in the CTL for a long time, which was
supposed to be due to rough interfaces within the gate stack
structure irrespective of conformal formation of each layer,
as can be seen in Fig. 7. Whereas, better retention properties
of the S2 could be obtained by carefully optimizing the etch-
ing process, as shown in Fig. 9(b), even though both devices
have the same gate stack structures. As an example, 1-wt%
amounts of ammonium fluoride was specifically mixed with
the diluted hydrofluoric acid as a wet chemical etchant to
reduce the etch time for the HfO, layers, since an etch time
as long as 3 min might deteriorate interfacial qualities within
gate stack structure. In conclusion, the careful optimization
of the device fabrication process as well as accurate designs
for the stacked CTL structures are quite demanding to ensure
improved device characteristics for our proposed memory
TFTs. Namely, the nonvolatile memory characteristics can
be expected to be far enhanced by accurately controlling the
gate-stack structures including the stacked CTLs as designed.

460

Thus, additional optimization of fabrication process will be
performed to improve the reproducibility in preparing the
interfacial qualities in the gate-stacks of the CTM-TFTs as
future works.

IV. CONCLUSION

We proposed IGZO-channel CTM-TFTs using newly
designed stacked CTLs composed of high-k dielectric HfO»
and oxide semiconductor ZnO. The nonvolatile memory
operations of the fabricated CTM-TFTs employing various
structures of stacked CTL were characterized and compared
when the number and the thickness of HfO; layers inserted
into the ZnO layer were strategically controlled. All the fab-
ricated CTM-TFTs using HfO»/ZnO stacked CTLs exhibited
good memory characteristics including large MW and fast
P/E speed. When introducing the 4-nm-thick HfO, layers
twice, the CTM-TFT showed the best device characteristics
such as a large MW of 25 V and a fast P/E speed of 500 ps.
Furthermore, the memory operations could be successfully
confirmed even with P/E program voltage of 10 V. On the
contrary, the inserted HfO, layer with a thickness of 2 nm
were found to be inappropriate for the CTL applications due
to its dielectric properties with smaller number of trap sites.
It is also noteworthy that the obtained device characteris-
tics were closely related to the interface qualities within the
gate-stack structures including the stacked CTLs especially at
overlap regions among the charge-trap, tunneling, active, and
S/D layers. In other words, when the stacked CTLs were well
prepared with good interfaces by ALD process, the memory
performance of the CTM-TFTs using various CTL structures
could be guaranteed as designed. However, to realize highly
reproducible memory characteristics of our proposed CTM-
TFTs, the fabrication process window was suggested to be
additionally enhanced owing to the unavoidable variabili-
ties in process-dependent device structures. Consequently,
the introduction of HfO,/ZnO stacked CTLs prepared by
ALD process can be a useful methodology to provide highly-
functional memory devices for future flexible and transparent
electronics applications.

REFERENCES

[1] S.J. Kim, W. H. Lee, C. W. Byun, C. S. Hwang, and S. M. Yoon,
“Photo-stable transparent nonvolatile memory thin-film transistors
using In-Ga—Zn-O channel and ZnO charge-trap layers,” [EEE
Electron Device Lett., vol. 36, no. 11, pp. 1153-1156, Nov. 2015.

[2] 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 SmyO3 and SmTiO3 charge trapping layers,” RSC Adv.,
vol. 5, pp. 8566-8570, Dec. 2015.

[3] B. K. Kim and S. Y. Lee, “Low-temperature-processed SilnZnO thin-
film transistor fabricated by radio frequency magnetron sputtering,”
Trans. Elect. Electron. Mater., vol. 19, no. 3, pp. 218-221, Jun. 2018.

[4] S.-Y. Na and S.-M. Yoon, “Reliability enhancement in thin film
transistors using HF and Al co-incorporated ZnO active channels
deposited by atomic-layer-deposition,” RSC Adv., vol. 8, no. 60,
pp. 34215-34223, Oct. 2018.

[S1 J. M. Koo et al, “Nonvolatile electric double-layer transistor
memory devices embedded with Au nanoparticles,” ACS Appl. Mater.
Interfaces, vol. 10, no. 11, pp. 9563-9570, Feb. 2018.

VOLUME 7, 2019



NA AND YOON: IMPACTS OF HfO,/ZnO STACK-STRUCTURED CTLs CONTROLLED BY ALD ON NONVOLATILE MEMORY

ELECTRON DEVICES SOCIETY

(6]

(71

(8]

(91

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

X.-M. Cui et al., “Unique UV-erasable In-Ga—Zn-O TFT memory
with self-assembled Pt nanocrystals,” IEEE Electron Device Lett.,
vol. 34, no. 8, pp. 1011-1013, Aug. 2013.

T.-M. Pan, C.-H. Chen, Y.-H. Hu, H.-C. Wang, and J.-L. Her,
“Comparison of structural and electrical properties of Er,O3 and
ErTiyOy charge-trapping layers for InGaZnO thin-film transistor non-
volatile memory devices,” IEEE Electron Device Lett., vol. 37, no. 2,
pp- 179-181, Feb. 2016.

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,
Jun. 2016.

H. Yin et al., “Program/erase characteristics of amorphous gallium
indium zinc oxide nonvolatile memory,” IEEE Trans. Electron Devices,
vol. 55, no. 8, pp. 2071-2077, Jul. 2008.

F. B. Orug et al., “Thin-film ZnO charge-trapping memory cell grown
in a single ALD step,” IEEE Electron Device Lett., vol. 33, no. 12,
pp. 1714-1716, Dec. 2012.

J. Y. Bak et al., “Effects of thickness and geometric variations in
the oxide gate stack on the nonvolatile memory behaviors of charge-
trap memory thin-film transistors,” Solid-State Electron., vol. 111,
pp. 153-160, Sep. 2015.

S.-J. Kim et al.,, “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, Feb. 2016.

T. M. Pan and W. W. Yeh, “A high-k Y,O3 charge trapping layer for
nonvolatile memory application,” Appl. Phys. Lett., vol. 92, no. 17,
May 2008, Art. no. 173506.

S. Maikap et al., “Charge trapping characteristics of atomic-layer
deposited HfO, films with Al;O3 as a blocking oxide for high-density
non-volatile memory device applications,” Semicond. Sci. Technol.,
vol. 22, no. 8, pp. 884-889, Jun. 2007.

S. Maikap et al., “Low voltage operation of high-« HfO,/TiO5/Al,03
single quantum well for nanoscale flash memory device appli-
cations,” Jpn. J. Appl. Phys., vol. 47, no. 3, pp. 1818-1821,
Mar. 2008.

J. Tang et al., “Impact of the interfaces in the charge trap layer
on the storage characteristics of ZrO,/Al,O3 nanolaminate-based
charge trap flash memory cells,” Mater. Lett., vol. 92, pp. 21-24,
Feb. 2013.

Z. Zheng et al, “Improved speed and data retention charac-
teristics in flash memory using a stacked HfO,/TayOs charge-
trapping layer,” Semicond. Sci. Technol., vol. 26, no. 10, Sep. 2011,
Art. no. 105015.

H. D. Na et al., “Effect of thermal annealing sequence on the crys-
tal phase of HfO, and charge trap property of AlyO3/HfO,/SiO;
stacks,” Current Appl. Phys., vol. 17, no. 10, pp. 1361-1366,
Oct. 2017.

G. D. Wilk, R. M. Wallace, and J. M. Anthony, “High-« gate
dielectrics: Current status and materials properties considerations,”
J. Appl. Phys., vol. 89, no. 10, pp. 5243-5275, Jan. 2001.

VOLUME 7, 2019

[20]

(21]

(22]

(23]

[24]

Y. N. Tan, W. K. Chim, W. K. Choi, M. S. Joo, and B. J. Cho,
“Hafnium aluminum oxide as charge storage and blocking-oxide layers
in SONOS-type nonvolatile memory for high-speed operation,” IEEE
Trans Electron Dev., vol. 53, no. 4, pp. 654-662, Mar. 2006.

H.-W. You and W.-]J. Cho, “Charge trapping properties of the layer
with various thicknesses for charge trap flash memory applications,”
Appl. Phys. Lett., vol. 96, no. 9, Feb. 2010, Art. no. 093506.

S. Y. Na, Y. M. Kim, D. J. Yoon, and S. M. Yoon, “Improvement
in negative bias illumination stress stability of In-Ga—Zn-O thin
film transistors using HfO, gate insulators by controlling atomic-
layer deposition conditions,” J. Phys. D Appl. Phys., vol. 50, no. 49,
Nov. 2017, Art. no. 495109.

D.-J. Yoon, J.-Y. Bak, C.-W. Byun, and S.-M. Yoon, “Areal geometric
effects of a ZnO charge-trap layer on memory transistor operations for
embedded-memory circuit applications,” IEEE Electron Device Lett.,
vol. 38, no. 9, pp. 1263-1265, Sep. 2017.

W. S. Kim et al., “An investigation of contact resistance between metal
electrodes and amorphous gallium-indium-zinc oxide (a-GIZO) thin-
film transistors,” Thin Solid Films, vol. 518, no. 22, pp. 6357-6360,
Sep. 2010.

SO-YEONG NA was born in South Korea in
1995. She received the B.S. degree from the
Department of Advanced Materials Engineering
for Information and Electronics, Kyung Hee
University, Yongin, South Korea, in 2018, where
she is currently pursuing the M.S. degree.

SUNG-MIN YOON received the B.S. degree from
the Department of Inorganic Material Engineering,
Seoul National University, Seoul, South Korea,
in 1995 and the M.S. and Ph.D. degrees from
the Department of Applied Electronics, Tokyo
Institute of Technology, Tokyo, Japan, in 1997
and 2000, respectively.

He was with the Electronics and
Telecommunications Research Institute, Daejeon,
South Korea. He is currently a Professor with
Kyung Hee University, Yongin, South Korea.

461




<<
  /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
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /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 true
  /GrayImageDownsampleType /Bicubic
  /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 true
  /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


