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High-Performance InoO3-Based 1T1R FET
for BEOL Memory Application

Zehao Lin™, Mengwei Si

Abstract—In this article, we report high-performance
one-transistor-one-resistor (1T1R) FETs for nonvolatile
memory application based on nanometer-thickindium oxide
(Ino03) as channel material deposited by atomic layer depo-
sition (ALD). ALD grown hafnium oxide (HfO;) and alu-
minum oxide (AloO3) are used as gate dielectrics as well
as insulator in resistive part. Two nonvolatile states with
different threshold voltages are realized. High lon/lorr >
1010 at Vgs = 0 V, large memory window (MW) exceeding
10 V, and deep sub-60-mV/dec subthreshold slope (SS) are
achieved on ALD In,03 1TT1IRFETs. Channellength (L¢,) and
channel thickness (T.,) dependence of device properties
are systematically investigated. Optimized In,O3 thickness
is determined to 1.2 nm, balancing lon/lorr, MW, device varia-
tion, and stability. The fabrication process has a low thermal
budget below 225 °C. Thus, these 1T1R FETs are back-end-
of-line (BEOL) compatible and promising for monolithic 3-D
integration to realize near-/in-memory computing.

Index Terms— Atomic layer deposition (ALD), back-end-
of-line (BEOL), indium oxide, nonvolatility, one-transistor-
one-resistor (1T1R) FET.

|. INTRODUCTION

RADITIONAL von Neumann computer architecture,

where data shuttle between different memory hierarchies
is costly in terms of time and energy, is limiting explosive
development of data-centric applications, such as artificial
intelligence [1]-[7]. This memory bottleneck results in high
latency, low bandwidth, and high energy consumption as
memory and logic circuits keeping scaling down. Among
several solutions, near-/in-memory computing, where certain
computation tasks are performed in logic units physically
near or directly in memory units, are promising [5]-[9].
On the other hand, resistive memory, featuring low static
power consumption and nonvolatility, is attracting tremen-
dous attention in the past decade as a potential alternative
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to mainstream memory in the market [10]-[13]. Among
various types of resistive memory, one-transistor-one-resistor
(ITIR) array, which is CMOS compatible, has been demon-
strated to be eligible to perform near-/in-memory comput-
ing [4], [14]-[19]. However, to achieve high-performance and
high-density near-/in-memory computing chips, monolithic
3-D integration using back-end-of-line (BEOL) compatible
logic and memory devices is highly preferred. Therefore,
BEOL compatible memory devices are highly demanded.

High drive current, low leakage, and low thermal budget
(<400 °C) are required for BEOL transistors. Besides, scala-
bility, high uniformity, reliability, and wafer-scale process are
other basic requirements [20], [21]. One promising semicon-
ductor for BEOL 3-D integration is amorphous oxide semi-
conductor [17], [22]-[29], primarily due to its high electrical
performance as well as low thermal budget. Recently, atomic
layer deposition (ALD) In,Os has been demonstrated as an
encouraging candidate for BEOL transistors, mainly attributed
to several critical merits, including low-temperature budget
(<225 °C), wafer-scale homogeneousness, atomically smooth
surface, and high drive current over 2 A/mm [24], [25].
In addition, the ALD technique offers these oxide semiconduc-
tor devices with possibility to integrate with high aspect ratio
structures, such as FinFET, gate-all-around (GAA) transistor,
nanosheet transistor, and 3-D NAND, enabling 3-D structures
with tremendous opportunities in logic-memory integration
applications.

In this work, we report high-performance 1T1R FETs based
on ALD grown In,Os. The gate and the insulator in resistive
part are connected in series, similar to [30], to achieve two
nonvolatile memory states. ALD deposited high-k dielec-
tric hafnium oxide (HfO;) and aluminum oxide (Al,O3)
stack are chosen as the gate-stack and insulator in resistive
part. High uniformity, nonvolatility, high Iox/Ios > 10'° at
Vs = 0V, large memory window (MW) > 10 V, and deep
sub-60-mV/dec subthreshold slope (SS) are achieved. In addi-
tion, devices show good immunity to short-channel effects
(SCEs). Low thermal budget below 225 °C is realized. Channel
thickness (7¢,) and channel length (L.,) dependence of device
properties are systematically investigated with optimal Tg
determined to be as thin as 1.2 nm balancing Ion/Iogr, MW,
output performance, and device variation.

[1. EXPERIMENTS

Fig. 1(a) shows the schematic of an ALD In,O; tran-
sistor. It has a buried gate structure with 40-nm W as
gate metal, 10-nm HfO,, and 1-nm Al,O; as gate-stack,
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Fig. 1. (a) Schematic of an InoOg3 transistor with 10-nm HfO2/1-nm Al,O3
as gate dielectrics. (b) Gate-stack and the insulator in resistive part are
connected in series. (c) Photograph image and circuit diagram of an ALD
InoO3-based 1T1R FET. Insulator in resistive part is directly fabricated
on top of gate pad, as marked by blue area.

0.7-/1-/1.2-/1.5-nm In,O3 as channel semiconductor, and
40-nm Ni as source/drain (S/D) contacts. The insulator in
resistive part and gate-stack are connected in series, forming
a 1TIR FET, as shown in Fig. 1(b). The insulator in resistive
part has a resistive switching property, as shown in Section III.
Fig. 1(c) shows a photographic image and the electrical
diagram of a 1TIR FET. The dark blue area in Fig. 1(c)
highlights the resistive part. Metal electrode was not fabricated
on top of the resistive part. Instead, the metal tip functions as
the top metal electrode during measurements. In,O3; channel
thickness can be precisely controlled by tuning ALD cycles
and determined via transmission electron microscopy (TEM),
atomic force microscopy (AFM), and ellipsometry, as reported
in our previous work [24], [25].

The device fabrication process started with solvent cleaning
of p+ Si substrate with 90-nm thermally grown SiO, on
top. Then, 10-nm Al,O3; was deposited by ALD at 175 °C,
using Al(CH3); (TMA) and H,O as Al and O precursors,
as W etching stop layer. Next, 40-nm W was sputtered by
physical vapor deposition (PVD) followed by inductive cou-
pled plasma (ICP) etching to pattern buried gate of MOSFET
with sharp edges; 10-nm HfO, was then deposited by ALD
at 200 °C using [(CH3),N]4Hf (TDMAHf) and H,O as Hf
and O precursors, followed by 1-nm Al,O3 grown by ALD
using the same recipe mentioned before. Gate dielectrics and
the insulator in resistive part are deposited simultaneously.
In, O3 thin films with thicknesses of 0.7/1/1.2/1.5 nm were
then deposited by ALD at 225 °C using (CH3)3 In (TMIn) and
H,O as In and O precursors. Details about ALD In, O3 recipe
can be found in our previous work [24], [25]. Concentrated
hydrochloric acid was then applied as etchant to isolate In,; O3
channel. In,O3 on top of insulator in resistive part was also
removed; 40-nm Ni was then deposited by e-beam evaporation
as S/D contacts, patterned by electron beam lithography. The
fabrication process has a low thermal budget of 225 °C.
Electrical characterization was done at room temperature with
Keysight BI500A semiconductor device parameter analyzer.
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Fig. 2. (a) Ib—Vgs characteristics of an In,O3 1T1R FET with

Len = 200 nm, Tgn = 1 nm, Vps = 1V, and different sweep ranges.
Sweep directions of all curves are labeled by arrows. Resistive states
in different regions are labeled. (b) Ic—V( plots of an MIM capacitor of
the same insulator as in resistive part in linear scale. /¢ and V¢ stand for
measured current and applied voltage of the MIM capacitor, respectively.
(c) SS versus Lgh of an InoO3-based 1T1R FET with Tg, of 1.2 nm. SSis
extracted at Vps = 0.1 V and highest transconductance point.

I1l. RESULTS AND DISCUSSION

Fig. 2(a) shows the Ip—Vgs characteristics of an In,O31T1R
FET with Lyy, = 200 nm and 7y, = 1 nm at Vpg of 1 V
and Vgs sweep range from £6 to 12 V. High ON-current,
low OFF-current, and large counterclockwise hysteresis loop
(AVix = 10 V) are observed when sweep range is wider than
+7 V. Below this threshold value, the device has weak electro-
static control with Ion/Iom less than 102 and low ON-current
below 10~7 A/um. The cause of this phenomenon lies in
resistive part’s behavior under insufficient bias voltage. In this
case, when the bias magnitude is below 7 V, the applied gate
voltage is insufficient to trigger the soft breakdown of the
insulator, rendering it staying in originally high-resistance state
(HRS). As aresult, the insulator always absorbs a considerably
large portion of voltage drop. Thus, voltage drop across
gate-stack is much smaller than the applied bias, and therefore,
the electrostatic control of In,O3 channel is less effective.

Beyond this threshold value, the transfer properties, espe-
cially with large counterclockwise hysteresis loop [Fig. 2(a)],
should be interpreted with the assistance of /—V characteristics
of a metal-insulator-metal (MIM) capacitor (Ic—V¢) with
the same insulator as resistive part in devices, as shown
in Fig. 2(b). Arrows are presented in figure for clarity. The
compliance current of 1 nA and sweep range of £6 V are
set to protect devices. Started with far negative bias, large
voltage across insulator causes conductive filament formation,
making the initial state of the insulator low-resistance state
(LRS). As the magnitude of bias decreases, the conduction
filament dissolves. Hence, LRS quickly decays to HRS. It is
until the voltage across the insulator approaches the transition
point in positive polarity that it switches from HRS to LRS

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on August 16,2021 at 04:19:12 UTC from IEEE Xplore. Restrictions apply.



LIN et al.: HIGH-PERFORMANCE In,O3-BASED 1T1R FET FOR BEOL MEMORY APPLICATION 3777
again. Similar things happen in the negative polarity region. (@) :gg L=200nm vooav]  ®) 13% L=200nm  —— V=04V
However, the resistive switching behavior in gate dielectric iﬁg Tam07nm  ——VoeT1V iﬁ; Ter=1 nm — e
during the operation of a ITIR FET is less obvious because of E 107 E 107
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the asymmetric structures of two dielectric stacks, as shown in s 0

Fig. 2(a) with low Ioge. The voltage drop on the gate dielectric
is much smaller than that in the resistive part due to the voltage
drop on the channel.

For transfer curves, different from the scenario with sweep
range < £7 V, started with far negative Vgs, the insulator in
resistive part is in LRS. Therefore, voltage drops mostly in
gate-stack since insulator in resistive part has minor voltage
drop. Therefore, In,O3; channel can be fully depleted by field
effect, resulting in a low OFF-current. Since the insulator
quickly decays from LRS to HRS when continuing sweep-
ing forward, highly resistive insulator blocks the increase of
voltage drop on gate dielectric, rendering the In,O3 transistor
locked in OFF-state, which should turn on approximately at
Vin = 0V at T, = 1 nm as reported previously [24], [25].
Similarly, the insulator in resistive part starts in LRS and then
quickly switches into HRS as bias sweeps reversely. Therefore,
the transistor is locked in ON-state that ON-currents decrease
slowly. Resistive states in different regions are labeled in
Fig. 2(a).

When bias goes far positive/negative in forward/reverse
sweep, the insulator switches from HRS to LRS again, and
the voltage drop in HRS has to apply to gate-stack since
LRS cannot withhold such high voltage any more, resulting
in steep switching with deep sub-60-mV/dec SS at all channel
lengths. Note that in phenomenon wise, the /-V characteristic
of ITIR FET is very similar to that of ferroelectric FET
in terms of counterclockwise hysteresis for n-channel and
bi-directional steep slope less than 60 mV/dec. However,
device physics is totally different. Ferroelectric FET is based
on ferroelectric switch of ferroelectric dielectric, while 1T1R
FET is based on resistive switch of Al,O3/HfO, gate-stack in
this work. Fig. 2(c) shows extracted SS values at Vpg = 0.1 V
of Tch = 1.2 nm InyO3-based 1TIR FETs with L., ranging
from 2 um down to 200 nm. At least five devices at every
channel length are measured and averaged with error bars
shown in this figure. SSs in both forward and reverse sweep
directions are presented. The average SS at all Ly, lies below
45 mV/dec. In addition, since this switching mechanism has
minor dependence on the transistor itself, the SS versus L.,
characteristics demonstrates a good immunity to SCEs. Step-
wise turning is observed in both sweep directions, as shown
in Fig. 2(a). This is due to the instability in the beginning
of resistive switching and relatively slow measurement speed
unable to screen this instability.

From the analysis above, it is concluded that the 1T1R tran-
sistor that turns on and off mostly depends on where the insu-
lator in resistive part undergoes HRS to LRS transition. Also,
based on that the LRS-to-HRS switching mechanism makes
the device being locked in the states as in LRS, these 1T1R
FETs here naturally have two Vs, close to HRS-to-LRS tran-
sition points in two polarities, and counterclockwise hysteresis
loops. Define MWs as MW = AVy = Vi for—Vinrev, Where
Vinfor and Vi ey are Viy’s of forward and reserve sweeps,
respectively, extracted at Vps = 0.1 V by linear extrapolation.

Io (Afum)

0
Ves (V)

Vs (V)

Fig. 3. (a)—(d) Ib—Vgs characteristics of In,O3 1T1R FETs with
Teh = 0.7 nm/1 nm/1.2 nm/1.5 nm. Ly, is 200 nm except for device with
Teh of 1.5 nm, whose Ly, is 300 nm.

A large MW larger than 10 V averagely is achieved in an In, O3
ITIR FET with Ti, of 1 nm. Nonvolatility is also realized in
our transistors as a result of insulator’s transition from LRS
to HRS.

Channel thickness and channel length dependence of device
properties are systematically investigated in the following
parts. Fig. 3(a)—(d) shows the Ip—Vgs curves of 1T1R devices
with T, = 0.7/1/1.2/1.5 nm. Sweep directions are marked by
black arrows in figures. All present counterclockwise loops
with large hysteresis. Fig. 4 summarizes the scaling metrics
of InyO3-based 1T1IR FETs with L., from 2 gm down to
200 nm and with various Tg,’s of 0.7/1/1.2/1.5 nm. Each
data point represents the average of at least five devices with
error bar presented. Fig. 4(a) and (b) shows the characteristics
of maximum Ips (Imax) and ON-current ([oy) against L
at various Tg,. Imax and Ioy are extracted at Vps = 1 V.
Iox is specified at Vgs = 0 V. The devices mostly follow
a 1/L scaling trend. Fig. 4(c) shows the impact of Ti, and
Lcn on OFF-current (Iope). The OFF-currents of 1TIR FETs
with Ty, = 0.7/1/1.2 nm are suppressed down to 10™° zA/um
ranging from all L¢,’s. The real Iog: could be beyond the
measurement limit since In,O; has a bandgap larger than
3 eV [24]. Fig. 4(d) shows the calculated Ion/Iog: from
experiments. Most of the devices show good uniformity with
small error bars. Some large error bars of Iog: and Ion/Ioge
of transistors with T, = 1.5 nm are due to logarithm trans-
formation of negative value when the standard deviation is
greater than mean. The relatively large standard deviation of
Iore of devices with Ti, = 1.5 nm results from the sensitivity
to measurement range since Vi, of these devices is close to
minimum bias applied.

The 1TIR FET with T,y = 1.5 nm presents a different
curve shape shown in Fig. 3 with unsuppressed Iog:’s, accom-
panied by obvious SCE that [,z increases with shrinking
Lcn, as shown in Fig. 4(c). These phenomena are because of
Vi of In,O3 transistor with Ty, of 1.5 nm that is close to
the LRS-to-HRS transition point of the insulator in resistive
part. As discussed before, the OFF-state of the 1TIR FET is
due to a block of voltage growth caused by HRS. Therefore,

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on August 16,2021 at 04:19:12 UTC from IEEE Xplore. Restrictions apply.



3778 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 8, AUGUST 2021
(@) 100 (b) 10
102 kﬁ% 102 D\% @, (b)
10! 10" b @ Ves=0V 104 !I?@ VGosjo v
—_ -— in—0.18
£ 100 E 100 Vos=1V SOooomomomon 0 O
<100 Ten 210 Ves=0V Ten £ o se Ta=t2nm | € el g s Feaooog
‘; . cf = . cl cl - t
i 10; X :: nm 3 10; i :g nm 31 O Reset L= um i o R:set 0000 0099
10-4 Vps=1V 1nm 10-4 1nm - 10" YotV - 12 o © To=1 2nm
10 —v-07nm 10 ——07nm Qo0 L Oyo 10 ° Tamt
5 5 (000 =1 um
%07 10° %07 10° % & vy
Len (um) Len (um) 1015 101 bs
(c) 1072 102 10° 10 104 10° 10! 10 10°
102 Ten (d) 11 Vo=1V Retention Time (s) Endurance Cycles
10"} Vos=1V —o—15nm o] §0o0eoo
10 @
£ 1o i 10 (c) o G st
5 10 & 10° ndurance Cyles e
E 1gj Voo, < 10’ et Y TRetam TRetam
= 108 5 108} Ten
-] 10.: 105f—0—1.5nm T -
10" —0— 1.2 i
o Peepreo o [ Tome Ve U v
10 5 [—¥— 0.7 nm .
10707 o 05 S Time Reset Tlme Reset
Len (pm) Len (pm) . .
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Fig. 4. (a) Ip, max, (b) lon, (c) lorr, and (d) lon/lorr scaling metrics of ~ 1T1R FETs with Tep of 1.2 nm and Lg, of 1 um at Vps of 0.1 V. Ip at Vs

InoO3-based 1T1R FETs with Lg, from 2 um to 200 nm and T¢, from
0.7 to 1.5 nm. All data are extracted at Vpgs = 1 V unless otherwise
specified. oy is specified at Vgs = 0 V. Each data point represents the
average of at least five devices with error bars.
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Fig.5. MW versus Lc of InoO3 1T1R FETs with L¢, from 2 um to 200 nm
and Tgh from 0.7 to 1.5 nm. MWSs are calculated at Vpg of 0.1 V. Each
data point represents the average of at least five devices with error bar
presented.

this requires that the bias enabling LRS-to-HRS transition is
smaller than Vy, of the In,Oj transistor. Devices with Ty,
of 0.7/1/1.2 nm are in such cases. However, In,O3 transistor
with T, of 1.5 nm has much more negative Vy,, which is near
or smaller than the LRS-to-HRS transition point, resulting in
devices not being locked in OFF-states or completely depleted,
especially for short-channel devices where Vi may be more
negative [24], [25]. Therefore, Iy is larger in short-channel
devices, as shown in Fig. 4(c).

Although devices of all four 7;;,’s show considerable MWs,
device with T, = 0.7 nm/1.5 nm shows larger MWs than
the middle two. MW’s relationship against L., is shown in
Fig. 5. InO3 1TIR FETs with T, of 1 nm/1.2 nm show quite
the same MWs about 10 V, which are almost independent
on L. In a short-channel case, a device with T, = 1.5 nm
has the largest MW (larger than 15 V), which decreases to
10 V when L, increases. Comparing Fig. 3(d) with Fig. 3(b),
it is obvious that the extra MW portion mainly comes from a
more negative Vi, in the reserve sweep. This is likely a result
of that V4, is even more negative than HRS to LRS transition
point. The positive Vi, of the devices with Ty, of 0.7 nm is
determined by Vi, of the transistors, rather than the resistive

of 0 V for both set and reset are shown. (c) and (d) Test sequences of
retention and endurance characteristics, respectively.

switching point due to that the former is greater than the
latter. As L, increases, Vi, of transistors and, thus, positive
Vi of 1TIR FETs shift positively, resulting in a larger MW.
Teh of 1 nm/1.2 nm is preferred to have a stable MW for
ITIR FETs.

The reliability is critical for In,Os-based 1TIR FETs
toward nonvolatile memory application, as shown in Fig. 6.
Fig. 6(a) and (b) shows the retention and endurance perfor-
mance of devices for both set and reset with 7., of 1.2 nm
and L, of 1 um at Vpg of 0.1 V, respectively. 1TIR FETs
show negligible change of Ip at zero gate bias after both
set and reset within 20000 s and thus keep an Ion/Iogrratio
over 10°, demonstrating ideal retention characteristics toward
nonvolatile memory application. For endurance performance,
Ip at zero gate bias for reset increases about six orders
within 1000 cycles, whereas Ip for set undergoes minor
change. Hence, Ion/Iogr shrinks within 1000 endurance cycles.
This is likely a result of the degrading quality of resistive part
under multiple switches.

By balancing Ion/Iore, MW, and device variation combined,
In,O3 1TIR FET with T, of 1.2 nm is optimal for application,
which shows the highest ON/OFF ratio larger than 10'0 at
Ves = 0V, high ON-current, immunity to SCEs, and a stable
MW around 10 V. The device performance still has rooms to
boost by further scaling, optimizing dielectrics thickness and
process optimization. The device uniformity can be improved
by further optimizing ALD processes. The operation voltage
can also be scaled down by only selectively scaling down the
dielectric thickness at the resistive part to lower the switching
voltage while maintaining the high-quality gate dielectric on
the transistor. This work is just the first report on BEOL
compatible 1TIR FETs for nonvolatile memory applications
using ALD In,0; as transistor channels. The reliability perfor-
mance of In,O3-based 1T1R FETs still has room to improve
by optimizing interface quality and endurance properties of
resistive part under multiple switches. A complete study and
optimization are still demanded to qualify In,O3-based 1TIR
FETs for BEOL compatible logic/memory integration toward
near-/in-memory computing.
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IV. CONCLUSION

In summary, scaled BEOL-compatible ALD In,Os-based
ITIR FETs with channel thickness down to 0.7 nm and
channel length down to 200 nm are demonstrated. High
uniformity, high Ion/Iog: larger than 1019 at Vgs = 0 V,
large MW exceeding 10 V, and deep sub-60-mV/dec SS are
achieved. Switching between two resistive states offers two
different threshold voltages with nonvolatility. Dependence
of device characteristics on channel length and thickness is
thoroughly analyzed with optimal channel thickness deter-
mined to be 1.2-nm balancing multiple factors. ALD processes
bring devices with wafer-scale uniformity and atomic-level
control of dielectrics and semiconductor thickness. Low ther-
mal budget below 225 °C, combined with high-performance
memory characteristics, demonstrates the ALD In,O3-based
ITIR FETs a promising candidate for monolithic BEOL
logic/memory to realize near-/in-memory computing.
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