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To continue to improve integrated circuit performance and functionality, scaled transistors with short channel lengths
and low thickness are needed. But further scaling of silicon-based devices and the development of alternative semi-
conductor channel materials that are compatible with current fabrication processes are challenging. Here we report
atomic-layer-deposited indium oxide transistors with channel lengths down to 8.0 nm, channel thicknesses down to
0.50 nm and equivalent dielectric oxide thickness down to 0.84 nm. Due to the scaled device dimensions and low contact
resistance, the transistors exhibit high on-state currents of 3.1 Amm™ at a drain voltage of 0.5V and transconductance of
1.5 S mm™ at a drain voltage of 1.0 V. Our approach provides a promising alternative channel material for scaled transistors

with back-end-of-line-processing compatibility.

tor (CMOS) technology has been the driving force in the

advancement of modern integrated circuits over the past few
decades. Enhancing gate electrostatic control to improve immunity
to short-channel effects (SCEs) has, in particular, been a key strat-
egy in the development of aggressively scaled transistor technology.
This includes the development of high-x/metal gate technology for
equivalent oxide thickness (EOT) scaling, as well as ultrathin body,
fin and stacked nanosheet channel transistors; stacked nanosheet
transistors are currently being adopted by the semiconductor indus-
try (following the fin field-effect transistor technology) beyond the
3nm technology node'. To further scale the length dimensions as
well as maintaining a good drive current, it is critical to suppress
SCEs. This can be achieved using an increased number of thin-
ner stacked channels. However, the performance of conventional
semiconductor-based transistors rapidly decreases below a thick-
ness of 3nm for silicon and 10 nm for InGaAs.

Two-dimensional (2D) semiconductors are an alternate channel
material with nanoscale thicknesses and higher mobilities at mono-
layer or few-layer thickness compared with conventional semicon-
ductors*''. However, 2D materials suffer from a lack of high-quality
large-area CMOS-compatible growth techniques. It is also difficult
to form dielectrics on their van der Waals surfaces. In addition, the
materials are difficult to dope and suffer from high contact resis-
tances induced at the Schottky metal/semiconductor contacts.

Oxide semiconductors—and amorphous indium-gallium-zinc
oxide (IGZO) in particular—are leading semiconducting channel
materials in thin-film transistors (TFTs) for flat-panel display appli-
cations'?. But despite being a mature technology for high-volume
manufacturing, oxide semiconductors are rarely considered as chan-
nel materials for scaled high-performance transistors. This is due to
their low charge carrier mobility of about 10 cm?V~"'s™! and the fact
that when used in mass production, they typically require channel
thicknesses of up to several tens of nanometres". However, there
has been interest in the use of oxide semiconductor transistors in
CMOS back-end-of-line (BEOL) for monolithic three-dimensional
(3D) integration applications'*". In particular, an atomic layer

| he scaling of complementary metal-oxide-semiconduc-

deposition (ALD)-based oxide semiconductor and device technol-
ogy was developed with channel thicknesses down to sub-1nm
and high field-effect mobility (sp;) of >100cm?V-'s™ (refs. 2%2-%).
The wafer-scale homogeneous and conformal ALD indium oxide
(In,O;) thin film has a low thermal budget of 225 °C and an atomi-
cally smooth surface. The ability to deposit conformal films on 3D
structures by ALD could be useful for 3D integration applications,
including 3D BEOL integration and 3D vertical NAND.

ALD-deposited In,O, has a number of advantages for use in
transistor applications. The layer-by-layer self-limited growth
mechanism of ALD*~*’ enables an atomically smooth surface such
that nanometre-thick uniform thin films can be achieved that sup-
press roughness-related carrier scattering and deterioration of band
structure. In addition, the charge neutrality level (CNL) of In,O; lies
deep inside the conduction band; therefore, a high electron den-
sity exists in atomically thin channels, providing a more forgiving
metal-to-semiconductor low-resistive contact due to Fermi-level
pinning®, thus leading to the high on-state currents in transistors
that use nanometre-thick channels.

In this Article, we report high-performance In,O, transistors
fabricated using ALD. Our devices have channel lengths (L) down
to 8.0nm, channel thickness (T,) as low as 0.50 nm and equivalent
dielectric oxide thicknesses (EOT) down to 0.84nm. The scaling
and low contact resistance of the devices enable them to achieve
on-state currents (I,.) of 3.1 Amm™ at drain voltages (Vp)
of 0.5V and transconductance values (g,,) of 1.5Smm™ at V¢ of
1.0V. Our devices offer promising performance compared with
devices based on conventional semiconducting materials (such as Si
and GaAs), 2D semiconductors and other oxide semiconductors,
particularly at the ultrathin scale of 1.0-3.5nm.

Device architecture and fabrication

Figure 1a illustrates the schematic of the ALD In,O, transistor in this
work. The gate stack includes 40 nm Ni as the gate metal and HfO,
as the gate dielectric, unless specified otherwise, and 0.5-3.5nm
In,0; as the semiconducting channels. ALD In,O, exhibits an
atomically smooth surface with surface roughness as low as 0.16 nm
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Fig. 1| Schematic, TEM images and I-V characteristics of ALD In,0O, transistors. a, Schematic of an ALD In,0; transistor. b, HAADF-STEM cross-sectional
image with EDX elemental mapping of an In,O, transistor with L, of 8.0nm, T, of 3.5nm and 3.0 nm HfO, as the gate insulator, capturing the 8.0 nm channel
length. ¢, HAADF-STEM cross-sectional images with EDX elemental mapping and AFM measurements of In,O; transistors with W/HfO,/AL,O,/1n,0,/Ni
gate stack with T, ranging from 0.7 nm to 1.5nm. d,e, I5-Vs (d) and I~V (e) characteristics of a representative ALD In,0O; transistor with L, of Tum, T, of
1.2nm and 10.0 nm HfO,/1.0 nm Al,O; as the gate insulator. The device exhibits a high on/off ratio of >10' and negligible hysteresis due to the semiconductor

with a relatively wide bandgap and high-quality oxide/semiconductor interface.

(ref. %), measured by atomic force microscopy (AFM), being ben-
eficial to the thickness scaling of ALD In,O,. The device has a chan-
nel width (W,;) of 2.0 pm for L, >40 nm, whereas W, of 0.6 pm for
L., <40nm. The W,, value was accurately defined by electron-beam
(e-beam) lithography and dry etching (Supplementary Fig. 1b). A
reduced W, is used to suppress the self-heating effect. Ni by e-beam
evaporation is used as the source/drain electrode. The device fab-
rication process is comprehensively discussed in Methods. Figure
1b shows the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) with energy-dispersive X-ray
spectroscopy (EDX) mapping of a representative In,O; transistor
with L, of 8.0nm, T, of 3.5 nm and hafnium oxide thickness (T,,) of

3.0nm, highlighting the Ni/In/O elements. EDX mapping with Ni/
In/Hf/O elements is shown in Supplementary Fig. la. L, defined as
the distance between the source/drain Ni electrodes, is measured to
be 8nm in this device. Figure 1c presents the HAADF-STEM with
EDX mapping images on a W/HfO,/Al,0,/In,0,/Ni stack, with
In,O, thicknesses ranging from 0.7 to 1.5nm. The thicknesses of
In,O, are determined by both AFM measurements and transmission
electron microscopy (TEM) images (similar to a previous work™).
Figure 1d,e shows the I;,- Vi (gate-source voltage) and I;,— Vp,q char-
acteristics of a representative ALD In,O, transistor with L, of 1 pum,
T, of 1.2nm and 10.0nm HfO,/1.0nm Al O, as the gate insulator.
The device exhibits a high on/off ratio of >10" due to the relatively
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Fig. 2 | Thickness scaling of ALD In,0, down to 0.5nm. a-c, /,-V characteristics of ALD In,0O, transistors with L., of 40.0 nm; 5.0 nm HfO, as the gate
insulator; and T, of 0.80nm (a), 0.65nm (b) and 0.50 nm (¢). d-f, /,-V,s characteristics of the same ALD In,0O; transistors as a-c with L, of 40.0 nm;
5.0 nm HfO, as the gate insulator; and T, of 0.80 nm (d), 0.65nm (e) and 0.50 nm (). g-i, Iy oy (&), g, (h) and g (i) scaling metrics of ALD In,0,
transistors with different T, values and with 5nm HfO, as the gate insulator at Vs of 1V. Each data point represents the average of at least five devices.
Well-behaved transfer and output characteristics with an on/off ratio of >107 are achieved with channel thickness down to 0.5 nm. The impact of the
Schottky barrier at the metal/semiconductor interface on the output characteristics is clearly observed with T, below 1nm due to the effect of quantum

confinement on the band structure of the ultrathin In,O, film.

wide bandgap of In,O; (~3.0eV) and negligible hysteresis due to the
high-quality oxide/semiconductor interface. This device has a sub-
threshold (SS) of 130.4mV dec™' at V5 of 1V, which can be further
reduced by EOT scaling and proper interface engineering”*.

Device scaling

To further improve the performance of ALD In,O; transistors,
device scaling is performed including channel length scaling, EOT
scaling and channel thickness scaling, where EOT scaling and
channel thickness scaling are essential to enhance the gate electro-
static control to improve the immunity to SCEs. T, scaling down to
0.5nm is achieved in this work as shown in the I;,- V¢ characteris-
tics with T, of 0.80, 0.65 and 0.50 nm (Fig. 2a—c). The correspond-
ing I,— Vs characteristics are shown in Fig. 2d-f. The devices have
SS 0f 109.0, 114.3 and 108.2mV dec™ at Vs of 1V for T, of 0.80,
0.65 and 0.50 nm, respectively. Here 5nm HfO, is used as the gate
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dielectric. Evidently, even with T, of 0.5 nm, well-behaved transfer
characteristics with on/off ratios over seven orders are achieved. A
functional transistor made of a 3D semiconducting channel mate-
rial and with T as low as 0.5nm has never been reported before
because of two reasons. First, it is very challenging to achieve an
atomically smooth and uniform semiconducting film by conven-
tional thin-film deposition techniques such as sputtering, chemi-
cal vapour deposition and so on, resulting in the degradation of
electrical performance due to carrier scattering and change in band
structures due to roughness. Second, it is difficult to form a good
metal/semiconductor contact with low contact resistivity on an
ultrathin semiconducting film. The Fermi-level pinning problem
owing to the metal-induced gap states results in the Schottky bar-
rier at the metal/semiconductor interface, which is more severe in
an ultrathin film due to quantum confinement effects. ALD In,0,
is found to overcome these two challenges at the nanometre scale.
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Fig. 3 | EOT scaling of ALD In,0, transistors down to sub-1nm. a, C-V measurement of the gate stack capacitor (Ni/3.0 nm HfO,/3.5nm In,O,/Ni) at
2kHz, fabricated together with the ALD In,0O; transistor on the same chip. EOT of 0.84 nm is achieved, suggesting a high-quality HfO,/In,0; interface by
ALD. b, I,-V, characteristics of an In,0O5 transistor with L., of Tum, T, of 3.5nm and EOT of 0.84 nm, showing well-behaved drain saturation due to the
high drain bias. A high drain current of 835 pA pm™ is achieved at this long L., of Tpm. ¢,d, I5-Vgs (€) and I,- Vs (d) characteristics of an In,O; transistor
with L, of 50.0 nm, T of 3.5nm and EOT of 0.84 nm at V,s of 0.05V and 0.70 V. The relatively low on/off ratio is because of the gate leakage current (/)
in the off state, which may be further improved by V; tuning. e f, I, (e) and g,,, (f) scaling metrics of In,O; transistors with L, from Tpm to 50.0 nm, T, of
3.5nmand T, of 3.0nm, 3.5nm and 5.0 nm. I is extracted at V- V;=1V and V,s=1V. g,, is extracted at Vs =1V. Each data point represents the average
of at least five devices. High oy of .2 Amm™at V- V;=1V and V,s=1V and g,, of .5Smm™ at V,c=1V are achieved.

First, the layer-by-layer self-limiting growth mechanism ensures an
atomically smooth surface and uniform film. Second, the CNL of
bulk In,O, aligns at about 0.4eV above the conduction band edge
(Eo); therefore, thick In,O; behaves like a conducting oxide™. As
a result, the Fermi level is pinned above E for a metal/In,O; con-
tact, leading to a low contact resistance below 0.1 Qmm even at the
nanometre scale. The contact resistance was extracted by the trans-
mission line method®. Note that the above property is fundamen-
tal when searching for a 3D semiconductor with high performance
for an ultrathin channel. It is expected that a 3D semiconductor

with CNL aligning far above E. (or far below the valence band edge
as the valence band edge (E,) for p-type devices) is necessary to
achieve a high-performance transistor with an ultrathin channel
at the nanometre scale. Figure 2g-i presents the maximum drain
current (I ,..)» &, and pp; scaling metrics. Here py; is calculated
using the maximum g, at a low drain bias. The on-state perfor-
mance rapidly degrades below 1nm (Fig. 2). Devices with T of
0.4nm have no detectable drain currents (Supplementary Fig. 2a).
Further, I, ., exponentially reduces when T linearly decreases
from 0.8 to 0.5nm (Supplementary Fig. 2b) due to the impact of
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Fig. 4 | Channel length scaling of ALD In,0; transistors down to 8 nm.
a,b, [5-V, (@) and IV, (b) characteristics of In,0, transistors with L, of
8.0nm, T, of 25nm and EOT of 0.84nm. ¢, I, ., (¢) and g,, (d) scaling
metrics of the best-performance In,O; transistors with L., from Tpm to
8.0 nm with T, of 2.5nm. Lower voltages are used for shorter channel
devices to avoid the impact of self-heating on devices.

quantum confinement on the band structure of the In,O, thin
film. The drain-current scaling metrics are found to deviate from
1/L (Fig. 2g), indicating that it is more difficult to accumulate car-
riers in long channels, most likely due to the percolation mecha-
nism’'. Additional data on SS and threshold voltage (V) scaling
metrics are shown in Supplementary Fig. 3.

A second approach to enhance the gate electrostatic control is
EOT scaling. Here we demonstrate high-performance ALD In,O,
transistors with EOT scaled down to 0.84nm. Figure 3a shows the
capacitance-voltage (C-V) characteristics of the gate stack capaci-
tor (Ni/3.0nm HfO,/3.5nm In,O,/Ni), fabricated together with
In,O, transistors with the same gate stack. EOT is calculated to be
0.84nm, using C,, =€y€50,/EOT, where €50,=3.9 is the dielectric
constant of SiO,, €,=8.85X 10"*Fcm™ is the vacuum permittivity
and C,, is measured from the C-V measurement at high V¢ and
low frequency. These numbers confirm a high-quality bulk gate
oxide and oxide/semiconductor interface. The doping concentra-
tion (Np) of In,O; can be extracted from the 1/C? versus voltage

_ 2 .
characteristics according to Np = geseod(VC?)/dV (ref. %), where g is

the elementary charge and e is the relative dielectric constant of
In,0, (~8.9)*. Supplementary Fig. 4 shows the 1/C? versus voltage
characteristics obtained from Fig. 3a. From the slope of the 1/C?
versus voltage characteristics, Nj, can be estimated as 9.0 X 10" cm™.
Figure 3b shows the I;,— V;,g characteristics of an In,O, transistor with
L, of 1 pm, T, of 3.5nm and EOT of 0.84 nm, showing well-behaved
drain current saturation. Figure 3c,d shows the I,- Vg and I;)- Vi,
characteristics of an In,O, transistor with L, of 50.0nm, T of
3.5nm and EOT of 0.84nm. The device has SS of 387.3mV dec™!
at Vpg of 0.7 V. The relatively large SS and apparent drain-induced
barrier lowering is partly due to the gate leakage current in highly
scaled EOT. The maximum I, of 2.4 Amm™! is achieved at a low V},
of 0.7V. Drain current saturation is not achieved because V-V
is much larger than Vg therefore, the pinch-off condition is not
fulfilled. Figure 3e,f summarizes the I,y and g, scaling metrics of
In,0, transistors with L, from 1 pm down to 50.0nm, T, of 3.5nm
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Fig. 5 | Benchmarking of ALD In,0, with other ultrathin semiconductors.
a-d, Comparison of I .., (@), g, (b), Rc (€) and mobility (d) versus channel
thickness characteristics with other high-performance oxide semiconductor
(doped In,0,) devices by sputtering and 2D semiconductor devices (MoS,,
WS, and black phosphorus). The data used in this figure are listed in
Supplementary Table 1. ALD In,O, demonstrates the best performance in
terms of Iy a0 G Rc @and mobility in the 1.0-3.5 nm range compared with all
known semiconducting materials to the best of our knowledge.

and T,, from 3.0 to 5.0nm. Each data point represents the average
of at least five devices. The small error bar in these plots demon-
strates that the ALD-based In,O, transistors are highly uniform.
Ioy is extracted at Viio— V=1V and V,g=1V. The maximum g, is
extracted at V,s=1V. Iy and g,, are found to be improved signifi-
cantly by EOT scaling. A high average I, of 1.2 Amm™ is achieved
at Ly, of 50nm and at Vg- V=1V and V;3=1V. A high average
g of 1.5Smm™ is achieved at L, of 50nm and Vps=1V. These
values are one of the highest among the known reported oxide
semiconductor transistors.

Figure 4a,b shows the I,-Vg and I~V characteristics of
ALD In,O, transistors with L, of 8.0nm, T, of 2.50nm and EOT
of 0.84nm. One of the highest I, .. of 3.1 Amm™ is achieved due
to the scaled device dimension and low contact resistance, where
I,>3.0Amm™ is achieved on oxide semiconductor transistors.
The I, ., and g, scaling metrics with L, from 1 pm down to 8 nm
of In,O, transistors are shown in Fig. 4c,d. A lower Vi, of 0.5V is
used for the shorter channel length to avoid the self-heating effect
due to the high power density in the ultrascaled device area. The
corresponding Vi, at different L, values is marked in the figure.
Considering Vs of 0.5V and I, of 3.1 Amm™, contact resistance
(Rc) can be estimated to be less than 0.08 Q mm.

Device performance benchmarking

The performance of scaled ALD In,O, transistors in this work is
benchmarked with state-of-the-art high-performance transistors
with an ultrathin channel, such as 2D transistors and oxide semi-
conductor transistors, using figures of merit of Iy, g., Rc and
mobility versus channel thickness (Supplementary Table 1). ALD
In,O, transistors exhibit the largest I, ., in the range of 1.0-3.5nm
and the largest g, below 3.5nm, among all the known semicon-
ductor thin films to the best of our knowledge (Fig. 5a,b). Such
high-performance material and device properties are mainly con-
tributed by the low contact resistance benefiting from the unique
CNL alignments in In,O; (Fig. 5¢) and the high mobility in the
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nanometre scale between 1.0 and 3.5nm, also benefiting from the
atomic thickness control of ALD (Fig. 5d).

Conclusions

We have reported an ALD-based oxide semiconductor transistor
technology that shows promising on-state currents—compared
with both established and emerging material technologies—when
channel thicknesses are fabricated in the range of approximately
1.0-3.5nm. Our approach takes advantage of the self-limiting
growth mechanism of ALD and the unique band structure of In,O,.
The conformal deposition on 3D structures by ALD also has the
potential to create new opportunities for 3D integration, such as
BEOL-compatible transistors for monolithic 3D integration and
semiconducting channels for 3D vertical NAND.

Methods

Device fabrication. The device fabrication process is similar to previous work™.
The device fabrication process started with solvent cleaning of the p* Si substrate
with thermally grown 90 nm SiO,. A bilayer photoresist lithography process (PMGI
SF9+4 AZ1518) was then applied for the sharp lift-off of the 40 nm Ni gate metal

by e-beam evaporation. This step is critical to avoid sidewall metal coverage such
that high-quality ALD gate dielectric can be formed for EOT scaling. HfO, with
various thicknesses was deposited as the gate insulator by ALD at 200 °C with
[(CH,),N],Hf and H,O as the Hf and O precursors, respectively. In,O; thin films
with various thicknesses were deposited by ALD at 225 °C using (CH,),In and H,0
as the In and O precursors, respectively. N, is used as the carrier gas at a flow rate
of 40s.c.c.m. The base pressure at the N, flow rate of 0s.c.c.m. is 169 mtorr, whereas
the base pressure at the N, flow rate of 40s.c.c.m. is 437 mtorr. Concentrated

HCl was employed for channel isolation. The source/drain ohmic contacts were
formed by e-beam evaporation of Ni in two steps to avoid difficulty during the
sub-10nm lift-off process. It is difficult to form a sub-10 nm channel length by
one-step e-beam lithography because of the proximity effect that causes electron
backscattering into the channel region. Therefore, a two-step e-beam lithography
process was adopted by the formation of the source electrode first and then the
drain electrode. A wide range of distances between the source and drain electrodes
are defined in the masks so that both short and long channel lengths can be
achieved. Then, a second step of ICP dry etching using BCl,/Ar plasma was used
to accurately define the channel width. The devices were annealed in O, at 250°C
for 4min to further improve the performance.

Material characterization. The thickness of In,0, was determined together by
AFM, TEM and ellipsometry. The AFM measurement was done with a Veeco
Dimension 3100 atomic force microscope system. TEM lamella samples were
prepared with Helios G4 UX DualBeam scanning electron microscope. FEI
Talos F200X operated at 200kV equipped with Super-X EDX was used for
HAADF-STEM imaging.

Device characterization. Electrical characterization was carried out with a
Keysight B1500 system and a Cascade Summit probe station in the dark and N,
environments at room temperature and ambient atmosphere.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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