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Abstract—In this work, for the first time, we report
top-gate In,O3 FETs with enhancement-mode (E-mode)
operation and a high thermal budget of 600 °C, being
compatible with dynamic random-access memory (DRAM)
fabrication which requires high-temperature processes
(> 550 °C). The robustness of InpO3 channel under
high-temperature treatment is confirmed by transmission
electron microscope (TEM) and good electrical
characteristics of drain current of 350 pA/um (at Vpg
= 2 V), threshold voltage (V1) ~ 1V, and low off-current ~
10~'4 A/um determined by measurement detection limit in
scaled devices with a channel length of 100 nm. Reliability
characteristics of the devices are found to change with
different process temperatures and can be explained by
the proposed trap distribution model at the dielectric/InoO3
interface. This research indicates that top-gate E-mode
InoO3 FETs with high-thermal budget and ultra-low off-
current could find their promise to replace single crystal
silicon channel for next-generation DRAM technology.

Index Terms— Atomic layer deposition (ALD), indium
oxide, enhancement-mode, high thermal budget, DRAM.

[. INTRODUCTION

XIDE semiconductor channel transistors, like InGaZnO
FETs, have been considered as the candidate for
next-generation dynamic random-access memory (DRAM)
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devices due to their ultralow off-current (Iogr ~1072! A/um),
which can significantly suppress the leakage current and
extend the retention time in DRAM [1], [2]. Besides low I,
enhancement-mode (E-mode) devices with top-gate structure
and compatibility with high-temperature (> 550 °C) processes
during DRAM fabrication are two other crucial requirements
for oxide FETs in DRAM applications [3], [4]. Although many
works have demonstrated oxide channel FETs with E-mode
and top-gate structure, they all focus on the devices fabricated
at low-temperature (< 400 °C) for back-end-of-line monolithic
3D integration [5], [6], [7], [8]. Under the condition of high
thermal budget process (> 550 °C) compatibility, no oxide
semiconductor channel transistor with E-mode operation and
top-gate structure has been reported yet.

In this work, we demonstrate the first top-gate InpO3 FETs,
one of the well-studied oxide semiconductor transistors, with
threshold voltage (V1) ~ 1 V (E-mode), channel length (L)
of 100 nm, good drain current (Ip) of 350 uA/um (at Vpg =
2 V), low Iy ~10~'* A/um determined by the measurement
setup detection limit, and O, annealing process with high
thermal budget of 600 °C on the channel. This research
demonstrates great potential of top-gate E-mode In,O3 transis-
tors with high thermal budget compatibility for future DRAM
applications.

Il. EXPERIMENTS

Fig. 1 (a) illustrates the device schematic of a top-gate
InpO3 FET. The fabrication process started with the depo-
sition of 10 nm Al,O3 at 175 °C and 10 nm HfO, at
200 °C by ALD on SiO/Si substrate as the bottom adhe-
sion layers. Then, 2.5 nm InpO3 was grown by ALD at
225 °C, followed by high-temperature O, annealing at 500,
600, and 700 °C for 1 minute, respectively. Next, channel
isolation was performed by Ar/BCl; dry etching. 40 nm Ni
was deposited by e-beam evaporation as source and drain.
As for the gate dielectric, 6 nm of Al,Os was grown by
plasma-enhanced ALD (PE-ALD) using O, plasma as the
precursor of oxygen to suppress the generation of oxygen
vacancies (Vo) in oxide semiconductor channels during the
dielectric deposition process [9]. Finally, 40 nm Ni was e-beam
evaporated as top-gate. Fig. 1 (b) summarizes the fabrication
process flow. All metallization process steps were performed
after the high-temperature O, annealing to avoid damaging
metal contacts. Transmission electron microscope (TEM) and
energy dispersive X-ray (EDX) images of an In,O3 FET with

0741-3106 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
Authorized licensed use limitS@&NHRSMINSE. agiRvbligedioniuehts/ isisuhtm hnmoreirdarenaiione Xplore. Restrictions apply.


https://orcid.org/0000-0002-8800-8714
https://orcid.org/0000-0002-3559-0704
https://orcid.org/0000-0002-5308-1065
https://orcid.org/0000-0003-3175-7164
https://orcid.org/0000-0001-6596-3236
https://orcid.org/0000-0002-9061-8626
https://orcid.org/0000-0003-3962-7153
https://orcid.org/0000-0001-8775-6043
https://orcid.org/0000-0001-8466-9745

1852

IEEE ELECTRON DEVICE LETTERS, VOL. 45, NO. 10, OCTOBER 2024

(a) (b)

PE-ALD 6 nm Al,O,
ALD 10 nm Al,0; + 10 nm HfO, as
adhesion layers

500, 600, and 700 °C O, annealing
] Isolation through Ar/BCI; dry etch
\ 11: ::n"::gz II Evaporate 40 nm Ni source/drain
PE-ALD 6 nm Al,0,
\ Si0,/Si / Evaporate 40 nm Ni as top-gate
2.5 nm In,0,

Source

L,,~100nm SiO;

Fig. 1. (a) Device schematic and (b) fabrication process flow of top-
gate InoO3 FETs with high-temperature (500 — 700 °C) O, annealing.
(c) Cross-sectional TEM and EDX mappings (Hf, In, and Al) of an InoO3
FET with Lep, = 100 nm and 600 °C O, annealing. The robustness of
the InyOg film after 600 °C process can be confirmed.

600 °C annealing are shown in Fig. 1 (¢). The TEM results
indicate that InpOs3 is a robust material that can survive after
600 °C process, which verifies the compatibility of In,O3
FETs with high thermal budget (> 550 °C) process in DRAM
development.

I1l. RESULTS AND DISCUSSIONS

Fig. 2 (a) presents the Ip-Vgs characteristics of the top-
gate InpO3 FETs with a short channel length (Lcy) of 100 nm
and various O, annealing conditions. It should be noted that
all the short-channel devices demonstrate E-mode behavior
with Vr = 1.10, 1.00, and 1.19 V for 500, 600, and 700 °C
annealed FETs, respectively. On the other hand, w/o annealing
device cannot be fully turned off and possess V1 < 0V, which
highlights the importance of O, annealing to achieve E-mode
InyO3 devices. In addition to the E-mode, the I of these
transistors are all close to the detection limit (~10~'*A/um)
of the semiconductor analyzer. Besides transfer character-
istics, output characteristics of top-gate InpOs FETs with
different process temperatures are also studied and shown
in Fig. 2 (b — d). As the annealing temperature increases
from 500 to 600 °C, the maximum drain current slightly
decreases but remains a high drain current of 350 uA/um
at Vps of 2 V for the 600 °C device, as illustrated in
Fig. 2 (b) and (c). Fig. 3 (a) exhibits the extracted V from
the devices with different Lcp, (1 wm — 100 nm) and annealing
temperatures. All top-gate InpO3 FETs have V1 > 0 V. This
is the first time E-mode InyOs3 transistors with top-gate struc-
ture are demonstrated [10], [11]. The main determinants of
E-mode operation can be attributed to the high-temperature O,
annealing and the PE-ALD dielectric formation process based
on O plasma [9]. 500-700 °C O, annealing can considerably
reduce the Vo and thus lower the carrier density in InpOs3
films [12], [13]. The decrease in carrier density corresponds to
the shift of the Fermi energy level (Er) of In,O3 from deeply
inside the conduction band into the bandgap, as depicted
in Fig. 3 (b). To verify the above Ep shifting model, first-
principles simulation was adopted. The barrier energy and
band structure calculations were performed using the Vienna
Ab-initio Simulation Package (VASP) with Generalized Gra-
dient Approximation (GGA) Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functionals being applied. The reciprocal
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Fig. 2. (a) Ip — Vgg curves of short-channel (Lo, = 100 nm) InoO3
FETs with different O annealing conditions. In this work, VT is extracted
using constant drain current method at Vgg @ Ipg = 100 pA x Wep/Lep.
Output characteristics of the InoO3 FETs with different O, annealing
temperatures of (b) 500, (c) 600, and (d) 700 °C, respectively.

@, ® o
i All Enhancement-mode
1.5 -m -m
Energy
10
2
= —0—500 °C| 1 —i— Ec
eoo°cl|  _ YV [ lhaslaa E; (500 °C)
0.5 —a—700°C E; (anneal)
Ves @ Ip =100 pA x (W, / Ly) {0, anneal | A
o

0.055 T | lowerE; |

Len (m)
(c) (d) [-#= wlo annealing —+— 0, @ 500 °C

Ey

0, @600 °C|

30000
— 24000
3 18000
€ 12000
©
X 6000

0 >~ 0-0-0-9-0-0-¢

solid: R 186 Q-um

00 05 10 15 20 0.5 1.0 1.5
V, Concentration (%) Vgs— V7 (V)

(e) g0 300

open: R,

100000

10000
0, Annealing Effect

R,, (@/0)

1000

F - )
-]
]
=]
=]

2

o

5
S
SS (mV/dec)

e (cm?/V-s)

OF L, =1pm, Vpg=0.1V

w/o  500°C 600°C 700°C
annealing

Fig. 3. (a) Extracted V1 from InoO3 FETs with different annealing
temperatures as a function of Lgh. (b) Schematic band alignment at
gate dielectric (AlxO3) /InoOg interface. (c) First-principles simulated Eg
position, relative to conduction band minimum (Eg), as a function of Vg
concentration. (d) Extracted contact resistance (Rg) and sheet resis-
tance (Rgp) by transfer length method (TLM). (e) Extracted field-effect
mobility (upg) and subthreshold swing (SS) from InoO3 FETs with
different annealing conditions. upg were extracted from the transcon-
ductance (gm) of InoO3 FETs using measured gate oxide capacitance
(Cox) of 1 x 1078 F/cm?2. Note that the extracted urg do not exclude
the effect of Rg and thus are underestimated values.

k-point sampling was conducted with a resolution of 0.03 A~!
and an energy cutoff of 400 eV. The force tolerance was set
to 0.05 eV/A, and electronic convergence was set at 1079 eV.
The simulation results in Fig. 3 (c¢) substantiate the movement
of Ep from above Ec to inside the bandgap of InyO3 when
Vo decreases. The increase sheet resistance (Rgp) in Fig. 3 (d)
also confirms the reduced carrier density after O, annealing.
To sum up, by lowering the Er and carrier density using Oz
annealing, E-mode InyO3 devices can be achieved [12], [13].

However, the trade-off between annealing temperature and
device performance should be emphasized. As the annealing
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Fig. 4. Time evolution of AVt of (a) 500 °C and (b) 600 °C devices
after PBS and NBS tests at 25 °C. Time evolution of AVy of (c) 500 °C
and (d) 600 °C devices after PBS and NBS tests at 85 °C.

Stress time (s)

| (a) Trapping in existing traps |

(b) Generate new traps at Al,0;/In,0; interface
500 °C annealed In,0,@ 25 °C | In,0,@ 85 'C.

1) Electron trapping:
AV; > 0 (PBS)
! Energy 3) Donor traps generate:
AV; <0 (PBS)

Pett Donor-like traps

e + posi E
. (PBS) positive when [ TNL
= empty
Ves >0 ) E,
{Mn:wceeg;t:\)vre-hvlv(:e‘r:aps 4) Acceptor traps generate:
fileg AV, > 0 (NBS)
~
Ey

2) Electron de-trapping:
AV; <0 (NBS)

Fig. 5. Possible mechanisms of V1 shifts during PBS and NBS reliability
test. (a) VT shifts result from charge trapping and de-trapping in existing
traps. These are the more dominant mechanisms for 600 °C annealing
devices. (b) V1 shifts caused by donor-like and acceptor-like interface
trap generations. These are the more dominant mechanisms for 500 °C
annealing devices and for devices at environmental temperature of
85 °C.

S
Trap Density

temperature increases from 500 to 600 °C, the reduction of
carrier density results in a small decrease in drain current
from 407 to 350 puA/um at Vpg of 2 V (Fig. 2 (b) and
(c)), a larger contact resistance (Fig. 3 (d)), and a smaller
field-effect mobility (Fig. 3 (e)). If the process temperature
further raises to 700 °C, a remarkable degradation of drain
current around two orders, mobility down to < 1 cm?/V-s
(Fig. 3 (e)), subthreshold swing ~ 282 mV/dec (Fig. 3 (e))
are observed. It is suspected that the 700 °C O, process not
only reduces the carrier density but also degrades channel
quality and interface quality.

Besides device performance, the reliability of high thermal
budget In,O3 FET's was also examined and presented in Fig. 4.
During positive bias stress (PBS)/negative bias stress (NBS)
reliability tests, +3 V/-2 V was applied to the gate (gate
stress voltage, Vstr = +3 V/-2 V) while the source and drain
remained grounded. Fig. 4 (a) and (b) illustrate the extracted
Vr change (AVT) during PBS and NBS measurements at
25 °C from 500 °C and 600 °C transistors, respectively.
Interestingly, 500 °C and 600 °C devices demonstrate two
completely different AVt trends during PBS and NBS tests
at room temperature. The 500 °C/600 °C device shows a
negative/negligible AVt during PBS and a negligible/negative
AVt during NBS. The above Vrt shift phenomenon can be
explained by the competition of four major mechanisms (as
shown in Fig. 5) [14], [15], [16]: 1) electron trapping with

TABLE |
BENCHMARKING OF THE REPORTED TOP-GATE OXIDE
SEMICONDUCTOR TRANSISTORS

5 Thermal | Lo, | On/Off Ion @ Vps =1V
Ref |material(Structure| budget (°C)| (nm) ratio E-mode | V1 (V) )
5 | IWO DG 250 100 10° Yes 0.39 422
17 | ITO TG 300 50 7x10° No -1.05 1680
6 | 1GZO | DG 300 30 4x10° Yes 0.29 690
3 | IGZO TG 550 100 NA No -1 NA
7 |1GZO | TG NA 40 | ~10° | Yes | 03 30
8 | IGZO | VCT NA NA ~10% Yes 0.19 47
10 | Imy0; | TG 300 200 | >10° No -0.48 193
11 | InOs | TG 300 100 | 5.2x10° | No <-5 2763
T,]"s In;0; | TG 600 100 | 4.3x10° | Yes 1.00 216
'Work(

NA: not applied; DG: double-gate; TG: top-gate; VCT: vertical channel transistor

AVt > 0 [during PBS]; 2) electron de-trapping with AVt <
0 [during NBS]; 3) donor-like trap generation with AVt < 0
[during PBS]; 4) acceptor-like trap generation with AVt > 0
[during NBS]. During PBS operation, the effects of 1) electron
trapping with AVt > 0 and 3) donor-like trap generation with
AVt < 0 will compete and both contribute to the final Vt
change. As for NBS, it becomes 2) electron de-trapping with
AVt < 0 and 4) acceptor-like trap generation with AVt >
0 these two mechanisms against.

It is speculated that the donor-like and acceptor-like inter-
face trap generations are suppressed in 600 °C InpO3 devices
because of higher temperature annealing, which makes 1)
electron trapping during PBS with AVt > 0 and 2) elec-
tron de-trapping during NBS with AVt < 0 the dominant
mechanisms in reliability measurements, as demonstrated in
Fig. 5 (a). This leads to 600 °C In,O3 FETs with AVt > 0,
which is negligible because mechanisms 1) and 3) compensate,
during PBS and AVt < 0 during NBS (Fig. 4 (b)). On the
other hand, in 500 °C In;O3 devices, 3) donor-like with AV
< 0 and 4) acceptor-like with AVt > 0 trap generations are
more important and result in the different AV shift trend
(Fig. 4 (a)) compared with 600 °C transistors, as presented in
Fig. 5 (b). However, this does not mean electron trappings/de-
trappings do not play any role in 500 °C In,O3 FETs. One
can notice the 500 °C In,O3 FET in Fig. 4 (b) exhibits an
AVt < 0 during NBS, which implies the presence of elec-
tron de-trapping at the dielectric/InpO3 interface. Fig. 4 (c-d)
shows the PBS and NBS tests at higher temperature of
85 °C. Under elevated temperatures, more chemical bonds
are easy to break and more interface traps are generated,
leading to larger AVr. Table I benchmarks our 100 nm
short-channel length top-gate InpO3 FETs with other reported
top-gate oxide semiconductor transistors including [3], which
also investigated high thermal budget devices but with negative
Vr at around -1V. This work is the first top-gate E-mode
oxide-semiconductor transistors that demonstrate high thermal
budget (>550 °C) compatibility for DRAM processes.

V. CONCLUSION

In conclusion, we report the first top-gate E-mode InyOs3
FETs with 600 °C O, annealing that satisfies the high
thermal budget requirement (> 550 °C) for DRAM pro-
cess. With E-mode, high thermal budget, ultralow off-current
(~10~1* A/um), and good on-current (Ion) of 216 pA/um
(at Vps = 1 V), InpO3 FETs have the potential for future
oxide-semiconductor DRAM applications.
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