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Amorphous In-Ga—Zn-O (a-IGZO) thin-film transistor (TFT) memories with novel p-SnO/n-SnO, heterojunction
charge trapping stacks (CTSs) are investigated comparatively under a maximum fabrication temperature of 280 °C. Com-
pared to a single p-SnO or n-SnO, charge trapping layer (CTL), the heterojunction CTSs can achieve electrically pro-
grammable and erasable characteristics as well as good data retention. Of the two CTSs, the tunneling layer/p-SnO/n-
SnOj/blocking layer architecture demonstrates much higher program efficiency, more robust data retention, and compara-
bly superior erase characteristics. The resulting memory window is as large as 6.66 V after programming at 13 V/1 ms and
erasing at —8 V/1 ms, and the ten-year memory window is extrapolated to be 4.41 V. This is attributed to shallow traps in
p-SnO and deep traps in n-SnO;, and the formation of a built-in electric field in the heterojunction.
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1. Introduction

Amorphous indium gallium zinc oxide (a-IGZO)
channel-based thin-film transistor (TFT) memory devices have
been studied for flexible and transparent electronic devices
and system-on-panel displays.[l?) This can be attributed to
several particular advantages of a-IGZO over conventional
amorphous or polycrystalline silicon, including high-enough
e-mobility, good electrical uniformity and high transparency
to visible light.[>*! Moreover, a-IGZO exhibits robust po-
tential for back-end-of-line (BEOL) compatible memory for
monolithic 3D integration because of a low thermal budget,
integratable materials and processes, etc. However, since a-
IGZO is intrinsically an n-type oxide semiconductor, it is
difficult to produce hole conduction for a-IGZO channel tran-
sistors at negative gate biases. Therefore, the TFT memory
device with an a-IGZO channel cannot be erased directly by
injecting holes from the channel into its charge trapping layer
(CTL), and it can only be erased by detrapping of electrons
from the CTL. This usually results in rather low erase effi-
ciencies for most a-IGZO TFT memory devices using metal
nanocrystals or defects-rich dielectrics as a CTL due to high
potential barriers for electron detrapping.!>~'°! To achieve
fast erasing behavior of the a-IGZO TFT memories, oxide

semiconductor-based CTLs, such as sputtered a-IGZO!!-13]

14—

and atomic-layer-deposited ZnO,[*-1 have been explored in

recent years. However, these a-IGZO TFT memory devices

TCorresponding author. E-mail: wjliu@fudan.edu.cn
fCorresponding author. E-mail: sjding@fudan.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac6dbf

usually suffer from a trade-off between program/erase (P/E)
efficiency and data retention.!'’! For example, ZnO CTL-
based memory devices exhibit distinct retention degradation;
the ON/OFF readout current ratio decreases from 10° to ~ 103
after 10° s,15! and even from ~ 108 to 1.8 x 103 after 10* s.[16
Thus, how to obtain good data retention without sacrificing
P/E efficiency is an urgent problem in existing memory tech-
nology.

In this work, a novel a-IGZO TFT memory is successfully
demonstrated using a p-SnO/n-SnO; heterojunction charge
trapping stack (CTS), and particularly exhibits both superior
electrical P/E efficiency and good data retention. The underly-
ing physical mechanism is also proposed based on the built-in
electric field of the p—n heterojunction.

2. Experimental details

A p-type Si (100) wafer (p < 0.005 Q- cm) was used as
the starting substrate, which served as the bottom gate of the
fabricated devices. Then, a 35-nm Al,O3 film was grown by
atomic layer deposition (ALD) at 200 °C as a blocking layer
(BL). Then, a CTS of n-SnO,/p-SnO was deposited by reac-
tive sputtering by changing the O, partial pressure (Oy/Ar),
followed by post-annealing in air at 250 °C for 30 min. To
obtain n-SnO; and p-SnO films, the O, partial pressure was
kept at 40% and 12.9%, respectively, during sputtering. Mean-
while, the power and working pressure were maintained at
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30 W and 2.6 x 10~ mbar, respectively. Thus, low deposition
rates (2-2.9 nm/min) were obtained for the n-SnO; and p-SnO
films; this could reduce sputter damage to the substrate sur-
face. Subsequently, the CTS was defined by photo-lithography
and wet etching, and then covered by a 10 nm ALD Al,Os3 film
acting as a tunneling layer (TL). Next, a ~ 40 nm a-IGZO film
was deposited by magnetron sputtering at room temperature.
The device channels were prepared by photolithography and
wet etching. Source and drain contacts of Cr/Au were formed
by sputtering and a lift-off technique. Finally, the fabricated
device was annealed at 280 °C in O, for 15 s.

The electrical characteristics of the a-IGZO TFT memory
with a channel length/width (L/W = 10/100 wm) were mea-
sured on a semiconductor device analyzer (Agilent BI1500A)
at room temperature in a dark box. The threshold voltage (Vi)
was extracted as the gate voltage at which the drain current
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3. Results and discussion

Figure 1(a) shows a schematic diagram of the a-IGZO
TFT memory with a heterojunction CTS, and a typical cross-
sectional TEM image of the fabricated memory is shown in
Fig. 1(b), clearly indicating the architecture of a-IGZ0O/Al,03
TL/n-SnO,/p-SnO/Al, O3 BL. Figure 1(c) indicates that the n-
SnO; and p-SnO films have optical direct bandgaps (E,) of
~3.31 eV and ~ 2.45 eV, respectively, which are determined
by plotting (athv)? versus hv. Furthermore, the XPS valence
band spectra in Fig. 1(d) also reveal different valence band on-
sets of the SnO and SnO, films, which are equal to 0.89 eV
and 2.49 eV, respectively. This further confirms the formation

of p-type SnO and n-type SnO, films. 8]
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Fig. 1. (a) A schematic diagram and (b) cross-sectional TEM image of the a-IGZO TFT memory with the n-SnO»/p-SnO CTS; (c) a plot of (ahv)? versus
hv to determine the direct optical bandgaps of the p-SnO and n-SnO, films; (d) XPS valence band spectra of the p-SnO and n-SnO; films.

Figures 2(a) and 2(b) show the P/E transfer characteristics
of the a-IGZO TFT memory devices with single n-SnO, and
p-SnO CTLs, respectively. With regard to the n-SnO, CTL,
a positive threshold voltage shift (AVy,) of 1.38 V is observed
after programming at 14 V for 1 ms. However, after applying a
gate bias of —8 V to the programmed device for 50 us and even
1 ms, no AVy, can be distinguished. This indicates that the pro-

grammed device cannot be erased, which could be ascribed to
the fact that n-SnO, has deep level defects (i.e., ~ 2.66 eV be-
low its conduction band minimum),!*! thus the trapped elec-
trons cannot be released back to the channel. In contrast, the
p-SnO CTL gives rise to programmable and erasable charac-
teristics, i.e., AV, =2.28 V @ 14 V/1 ms, and AVy, = —2.67V
@ —8 V/50 ps. This is attributed to shallow defects in p-

018503-2



Chin. Phys. B 32, 018503 (2023)

Sn0.?% However, this also causes the trapped electrons to be
easily lost, resulting in poor data retention. As indicated in the
inset of Fig. 2(b), the p-SnO CTL device exhibits a charge loss
rate of ~ 97% at a retention time of 10* s. As a comparison,
after programming at 14 V for 1 ms, the n-SnO, CTL device
only exhibits a charge loss rate of ~ 2.7%, even at the retention
time of 107 s, as shown in the inset of Fig. 2(a).

To obtain good data retention without sacrificing P/E ef-
ficiency, two CTSs composed of p-SnO and n-SnO; are fur-
ther investigated while keeping the total thickness at 24 nm.
Figures 3(a) and 3(b) show the P/E characteristics of the a-
IGZO TFT memory devices with the n-SnO,/p-SnO and p-
SnO/n-SnO, CTSs, respectively. In contrast to the unerasable

characteristics of the single n-SnO, CTL device, both CTS
memory devices exhibit considerable erase windows, i.e.,
AVy, = —4.82 V for the TL/n-SnO,/p-SnO/BL architecture,
and AVy, = —3.61 V for the TL/p-SnO/n-SnO,/BL architec-
ture after erasing at —8 V for 50 us. Further, figure 3(c) com-
pares the cumulative program characteristics of the above two
kinds of memory devices as a function of program bias and
time, respectively. It is found that the architecture of TL/p-
SnO/n-SnO,/BL gives rise to a larger program window than
that of TL/n-SnO,/p-SnO/BL at a cumulative program voltage
of >12 V or cumulative program time of > 0.1 ms. Moreover,
both exhibit comparable erase windows as a function of the
cumulative erase voltage or time, as shown in Fig. 3(d).
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Fig. 2. Transfer curves of the a-IGZO TFT memory devices with single n-SnO, (a) and p-SnO (b) CTLs under fresh, programming (PRG) and erasing
(ERS) modes, respectively. The inset in (a) shows the charge retention characteristic of the n-SnO, CTL device, and the inset in (b) shows the retention

characteristics of the p-SnO CTL device, revealing poor data retention.

Figure 4(a) shows the retention characteristics of the a-
IGZO TFT memories with different architectures. It is in-
dicated that the TL/p-SnO/n-SnO,/BL architecture demon-
strates better data retention and a larger memory window
(MW) than the TL/n-SnO,/p-SnO/BL architecture. For in-
stance, the former shows a degeneration rate of ~ 15% at the
retention time of 107 s, which is much smaller than ~ 34% for
the latter. Further, ten-year MWs are extrapolated, which are
equal to 4.41 V and 3.24 V for the TL/p-SnO/n-SnO,/BL and
TL/n-SnO,/p-SnO/BL architectures, respectively.

Table 1 summarizes the performance of the reported a-
IGZO TFT memories in comparison with this work. Our
memory with the TL/p-SnO/n-SnO,/BL architecture exhibits
the largest initial MW, even under a much lower erase bias
(—8 V), as well as the largest remaining MW of 5.62 V at the
retention time of 10° s. Compared with Refs. [7,20], our de-
vice demonstrates a rise of 6%—9% in charge loss, but the P/E
speed increases around 10 and 100 times, respectively. There-
fore, from the viewpoint of overall performance, our memory
outperforms other reports. Moreover, such a large memory
window can also compromise the negative effect incurred by
relatively high charge loss.

To clearly understand the underlying mechanism, we
measured the valence band maximum spectra and XPS core-
level spectra (Sn 3ds ), Al 2p, O Is) of the Al;03, n-SnO; and
p-SnO films (not shown here), and then the valence and con-
duction band offsets (VBO and CBO) were calculated, i.e.,
VBO = 0.63 eV and CBO = 3 eV for the Al,03/n-SnO; in-
terface, and VBO = 3.05 eV and CBO = 1.44 eV for the
Al,O3/p-SnO interface.
band diagrams of the memory devices with n-SnO,/p-SnO
CTSs are illustrated in Fig. 4(b). It is well known that a built-
in electric field (Eyyi-in) can be generated at the interface of

Under these conditions, schematic

the p—n heterojunction. During programming under a positive
gate bias, the Eypyji-in for the TL/p-SnO/n-SnO,/BL architec-
ture has the same direction as that of the applied electric field
(Eapplied), s the electric field across the heterojunction is en-
hanced. This accelerates the injected electrons moving from
shallow traps in p-SnO to deep traps in n-SnQO;, thus leading to
a higher program efficiency, as demonstrated in Fig. 3. During
erasing under a negative gate bias, detrapping of the electrons
captured in the shallow levels of the p-SnO layer dominates
the erase window. This is because the electrons trapped in the
n-SnO, layer find it hard to escape from the deep levels, espe-
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cially under a reduced electric field across the heterojunction.  in the deep levels of the n-SnO, film after programming, the
This is why comparable erase characteristics are demonstrated

for both CTSs.

TL/p-SnO/n-SnO,/ BL architecture can achieve excellent data

Furthermore, since most electrons are stored retention.

Table 1. Comparisons of the P/E and data retention characteristics of the reported a-IGZO TFT memories and our devices.

Device structure P/E voltage P/E time MW MW at a certain time Charge loss rate Ref.
Al 03_3,(PO4)2,/IGZO/Al,03_3,(PO4 )2y 20 V/-20V 1/1s 35V 245V @ 10* s 30% [21]
HfLaO/HfON/HfLaO 10vV/-12V 1/0.1 ms 1.6V 134V @ 10° s 16.25% [22]
Si0,/ErTi,0,/Si0, 20V/=20V 100 /100 ms 41V 38V@10°s 7.3% [9]
Al 03/1IGZO/AL, 03 12V/-12V 10 /20 ms 237V 191V @10’ s 19.4% [12]
Al,03/Al,0,(CTL)/Al, 03 12V/-14V 10 /10 ms 317V 286V @10 s 9.7% [23]
Al,O3/p-SnO/n-Sn0,/Al, 03 13V/-8V 1/1 ms 6.66 V 562V @107 s 15.6% this work
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Fig. 3. Transfer curves of the a-IGZO TFT memory devices with (a) TL/n-SnO,/p-SnO/BL and (b) TL/p-SnO/n-SnO,/BL architectures under fresh, PRG
and ERS modes, respectively. The comparisons of the cumulative (c) program and (d) erase characteristics as a function of P/E bias and time, respectively,
for the above memory devices.
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Fig. 4. (a) The retention characteristics of the a-IGZO TFT memories with different architectures. (b) Schematic energy band diagrams for the TL/p-SnO/n-
SnO,/BL architecture under programming and erasing modes, respectively.
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4. Conclusion

In summary, compared to a single p-SnO or n-SnO,
charge trapping layer, high performance a-IGZO TFT mem-
ories are achieved using novel p-SnO/n-SnO, heterojunction
CTSs.
bust data retention are demonstrated, especially for the TL/p-

High program and erase efficiencies as well as ro-

SnO/n-SnO,/BL architecture. Finally, the underlying mech-
anisms are discussed. This work provides new insights into
building a high program/erase efficiency, low power consump-
tion, BEOL-compatible TFT memory based on oxide semi-
conductors.
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