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Two-dimensional (2D) structures composed of atomically thin materials with high
carrier mobility have been studied as candidates for future transistors' . However,
owingto the unavailability of suitable high-quality dielectrics, 2D field-effect
transistors (FETs) cannot attain the full theoretical potential and advantages despite
their superior physical and electrical properties®*®. Here we demonstrate the
fabrication of atomically thin single-crystalline Al,O; (c-Al,05) as a high-quality
top-gate dielectricin 2D FETs. By using intercalative oxidation techniques, astable,
stoichiometric and atomically thin c-Al,O, layer with a thickness of 1.25 nm is formed
onthesingle-crystalline Al surface at room temperature. Owing to the favourable
crystalline structure and well-defined interfaces, the gate leakage current, interface
state density and dielectric strength of c-Al,O, meet the International Roadmap for
Devices and Systems requirements>’. Through a one-step transfer process consisting
ofthe source, drain, dielectric materials and gate, we achieve top-gate MoS, FETs
characterized by a steep subthreshold swing of 61 mV dec™, high on/off current ratio
of 108 and very small hysteresis of 10 mV. This technique and material demonstrate the
possibility of producing high-quality single-crystalline oxides suitable for integration
into fully scalable advanced 2D FETs, including negative capacitance transistors and

spin transistors.

Assilicon (Si) field-effect transistors (FETs) approach the fundamental
limits in scaling, new generations of semiconducting channels are
required toreduce the short-channel effects'?. Two-dimensional (2D)
materials such as molybdenum disulfide (MoS,), which is atomically
thin and has high carrier mobility, thus have huge potential in future
transistors*#7°, Although 2D materials have better physical and elec-
trical properties than Si, suitable high-quality dielectric materials are
not available. Therefore, FET devices based on 2D materials cannot
fulfil the full potential predicted theoretically>®. Amorphous oxide
dielectrics that work well in Si technology, for example, SiO,, Al,O,
and HfO,, cannot provide a uniform and well-defined interface with
2D materials because of the disruption of long-range orders™ ., Con-
sidering the amorphous nature and ill-defined interfaces, there are
difficulties in eliminating charge scattering and traps, thus resulting
in (1) high gate leakage current (/>1.5x102 A cm™), (2) high inter-
face state density (D, >10" cm2eV™) and (3) low dielectric strength
(Epg <10 MV cm™), which cannot meet the requirements stipulated by
the International Roadmap for Devices and Systems (IRDS)**”. Moreo-
ver, owing to the inert dangling-bond-free surface of 2D materials,
depositing an atomically thin oxide without damaging the adjacent
layer remains challenging®.

Compared with amorphous oxides, crystalline dielectric materi-
als such as hexagonal boron nitride (hBN)™, calcium fluoride (CaF,)
(ref. 11) and perovskite strontium titanium oxide (SrTiO,) (ref. 13) have

atomically flat surfaces that bond well for smoother dielectric/2D
material interfaces. In theory, these materials can overcome the
problems of interface quality and defect bands. However, there are
some disadvantages of crystalline dielectrics. For example, because
of the relatively narrow bandgap and low permittivity, hBN with an
ultrathin physical thickness exhibits extremely high leakage cur-
rents (/>10? A cm™) (ref. 15). The use of CaF,and SrTiO, is limited to
back-gate FETs™", although large-scale integrated circuits require
top-gate 2D FETs. The unique advantage that Bi,SeO; offersis inher-
ently tied to its semiconducting counterpart, which means it may
not provide the same benefits when paired with other 2D materials'®.
Other crystalline dielectrics, such as mica, have difficulty in precisely
controlling the area and thickness of insulators generated by exfo-
liation or chemical growth methods”. Furthermore, it is challeng-
ing to attain an interface state density of 10"° cm™2 eV from devices
comprising crystalline dielectrics. Moreover, wafer-scale synthesis
of high-quality crystalline dielectrics is quite challenging™ "¢, As
there is still no clear strategy on how to scale dielectrics down to be
atomically thinas required by commercial FETs*®, it may be necessary
to identify radically different approaches for 2D devices.
Atomically thin metal oxides have attracted attention recently
because of their unique electronic, optical and magnetic properties
thatare rarely foundin their bulk counterparts®?. By adopting simple
oxidation, astable, stoichiometric and atomically thin oxide layer can
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Fig.1|Fabricationand characterization of c-Al,0,. a, Fabrication of
atomically thin c-Al,0; through epitaxial lift-off and intercalative oxidation
ofasingle-crystalline Al film. b, Optical image of the lift-off of Al/c-Al,0; from
a4-inch Gr/Ge wafer. ¢, A cross-sectional HR-TEM image of Al/c-Al,O; on atarget
SiO, substrate. d, Magnified atomic-resolutionimage from thered boxin c.

e, EEL mapping of Al/c-Al,0,/SiO,.f, The relationship between exposure time

be formed on the metal surface for 2D devices'®*. So far, oxides made
oftransition metals such as HfO,, TiO,, Fe,0; and Ni,O,; post-transition
metals such as Al,O,; and rare earth metals, including Gd,0,, have been
proposed’®*, These atomically thin metal oxides have adequate dielec-
tric properties and atomically flat surfaces, making them suitable for
electrostaticmodulation of the channels of 2D materials to overcome
the present limitations.

In this study, a single-crystalline Al,O; (c-Al,0,) is achieved as a
high-quality dielectriclayer onthe 2D MoS, FET. By combining epitaxial
lift-off and intercalative oxidation, an atomically thin c-Al,O, with a
thickness of 1.25 nmis prepared, which is thinner than the conventional
oxides usedinadvanced Si transistors***. Owing to the favourable crys-
talline structure and well-defined interfaces, the gate leakage current
(J<1x107® A cm™), interface state density (D, = 8.4 x 10 cm2eV™) and
dielectric strength (Epq =17.4 MV cm™) of the atomically thin c-Al,O,
canmeet the IRDS requirements for low-power devices>*. By using the
van der Waals (vdW) transfer method, the entire FET stack, including
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inan oxygen-deficientenvironment (0.2 ppm O,) and the thickness of c-Al,O;.
Insets, the cross-sectional HR-TEM image of c-Al, O, with a thickness of 2 nm
and 6 nmobtained by 1 h oxidation and 5 h oxidation, respectively. g, The
breakdown field of c-Al,0;and a-Al,0;. h, The breakdown field compared
with film thickness for various dielectrics. Scale bars,2 nm(c);1nm(d,e).

the source, drain, dielectric and gate, can be transferred to the MoS,
channelin aone-step process to produce a2D FET with excellent con-
tact and dielectric interfaces. The top-gate MoS, FET shows a steep
subthreshold swing (SS) of 61 mV dec™, ultrahigh on/off current ratio of
10® and small hysteresis 0of 10 mV. Excellent processing reproducibility
and uniformity are demonstrated by fabricating abatch of 100 devices.

Figure 1ashows ascalable method to synthesize high-quality atomi-
cally thin c-Al, 0, layers without complex chemistry or sophisticated
equipment. A graphene (Gr)/germanium (Ge) wafer is used as the tem-
plate, and wafer-scale single-crystalline Al is produced by electron
beam evaporation using the vdW epitaxy approach??*, Given that
Gr/Ge substrates can be manufactured up to 12 inches in diameter
considering the epitaxy of Ge on Si, the industrial-scale production of
single-crystalline Albecomes atangible possibility. The cross-sectional
high-resolution transmission electron microscopy (HR-TEM) image
and X-ray diffraction results are shown in Extended Data Fig. 1 to
confirm the wafer-scale vdW epitaxy of single-crystalline Al(111) on



single-crystalline Gr/Ge(110). We proved that a patterned metal withan
atomically flat surface can be delaminated from graphene by exploit-
ing the weak vdW force®. In this case, Al can be peeled offreadily from
graphene and then oxidized mildly at room temperaturein the 0.2-ppm
oxygen environment. Owing to the atomically flat single-crystalline Al
surface and oxygen-deficient environment (0.2 ppm O,), homogene-
ous coverage of chemisorbed oxygen atoms and limited penetration
of oxygen can be attained. Consequently, a depolarized c-Al,O, layer
is formed when one oxygen atom chemisorbs on an Al atom, which
has been confirmed theoretically and experimentally®. In only a few
seconds, anultrathin c-Al,O;layer with a thickness of several nanome-
tres is formed by the layer-by-layer mechanism. The cross-sectional
HR-TEM image presented in Extended Data Fig. 2 shows the epitaxial
relationship between c-Al,05 (0001) and Al (111). Finally, the atomi-
cally thin c-Al,O;is transferred onto a target substrate such as SiO,,
MoS, or Au to fabricate the device. The fabrication details are pre-
sented in the Methods and Extended Data Fig. 3. To prevent Al from
oxidizing in H,0, the entire process is water-free. Moreover, benefit-
ing from the water-free transfer process, the graphene surface is not
damaged thereby allowing repeated use of the Gr/Ge wafer (Extended
DataFig. 4).

Figure 1b shows that the lift-off Al/c-Al,O; has close to 100% yield
as evidenced by delamination of the 4-inch patterned Al film from
the Gr/Ge substrate using polyvinyl alcohol; Supplementary Video 1
shows the entire peeling process. The lifted-off c-Al,O, films are trans-
ferred onto the SiO, substrate, and the cross-sectional HR-TEM image
is shown in Fig. 1c. The thickness of the c-Al,O, layer on the Al surface
is about 1.25 nm. The magnified atomic-resolution image of the red
box in Fig. 1cis shownin Fig. 1d disclosing the sandwiched structure
of Al/c-Al,05/Si0,. Electron energy loss spectroscopy (EEL) mapping
showsthe elemental distributions (Fig. 1e), and the distributions of Al
and O arein accordance with the sandwiched structure.

Moreover, the thickness of c-Al,0; can be manipulated by exposing
the vdW epitaxial Allayer to an oxygen-deficient environment for vari-
ous durations. As shown in Fig. If, as the oxidation time is increased
from1hto12 h, the oxidationrate decreasesfrom2nmh™to0.8 nmh™.
This is because the oxidation process is controlled by the interface
reaction at firstand then by oxygen diffusion’. Figure 1f (insets) shows
the cross-sectional HR-TEM image of c-Al,O; with thicknesses of 2 nm
(oxidation for 1 h) and 6 nm (oxidation for 5 h), and more HR-TEM
images are shown in Extended Data Fig. 5. The results confirm that
itis possible to prepare c-Al, O, layers with different thicknesses by
controlling the oxidation time. Moreover, the thickness mapping of
the 4-inch c-Al,O5/Al wafer is shown in Supplementary Fig.1and Sup-
plementary Table 1, which indicates the exceptionally uniform coef-
ficient of variation of +6%.

Figure 1g shows the breakdown field (E,4) compared with the current
density trend. c-Al,O; remains completely insulating for the operating
fields well above the IRDS requirement of 10 MV cm™. The average Ey 4
determined from 20 metal-insulator-metal (MIM) devices with the
c-AlLO,insulatoris16 MV cm™and the maximumis17.4 MV cm™. In com-
parison, the amorphous Al,O; (a-Al,0;) layer with a thickness of 5nm
fabricated by lifting off the Al film inan ambient environment exhibits a
small average E, 4 of about 8 MV cm™ similar to the previous studies®~.
The enhancement of £, , may arise from the energy gap increment or
the defect density reductionin crystallineinsulators®*. The E, 4 versus
film thickness for different metal oxides is compared in Fig. 1h, and the
details are provided in Supplementary Table 2. Owing to the crystal-
linestructure and large bandgap (8.8 eV) (refs. 26,28), defect-assisted
tunnelling in c-Al,O, is suppressed. As a result, the atomically thin
c-Al,O, exhibits one of the highest £, (17.4 MV cm™) compared with
amorphous oxides (TiO, (ref. 29), AL,O, (ref. 30) and HfO, (refs. 31-33)
as well as single-crystalline oxides (CaF, (ref. 34), SrTiO; (ref. 13) and
Sb,0; (ref. 12)). It is important to note that £, 4 of c-Al,O, exceeds the
IRDS requirement for low-power devices (E,4>10 MV cm™) (refs. 3,5).

The gate leakage currents (/) and interface state densities (D) are
important properties of low-power devices, and fand D, should be
less than 1.5x 102 A cm™?and 10"° cm™2 eV}, respectively, to meet
the IRDS requirements for low-power devices*>*2, However, it is chal-
lenging to meet these stringent requirements for 2D devices because
the amorphous oxide cannot provide a well-defined interface>?,
whereas crystalline dielectric materials are easy to form an abrupt
interface with 2D channel, but some of them, for example, Sb,0,
(ref. 12), SrTiO; (ref. 13), h-BN (ref. 15), have arelatively small bandgap.
Itis possible to address these problems by using single-crystalline
c-Al,O; because it has an adequate bandgap of 8.8 eV compared with
other high-k oxides®. To determine the Al/c-Al,O, gate properties, the
structureistransferred onto the multilayer MoS, to form the Al/c-Al, O,/
MoS, heterostructure (Fig. 2a). The cross-sectional HR-TEM image of
the heterostructure shows a stack consisting of single-crystalline Al,
¢-Al,0;and MoS, layers, from top to bottom, respectively. An atomically
sharpinterfaceis observed between c-Al,0; and MoS,. The magnified
images of the dashed green, orange and blue boxes in Fig. 2a (right)
indicate single-crystalline Al, c-Al,0,and MoS,, respectively. Figure 2b
shows the selected area electron diffraction patterns of the dashed
green, orange and blue boxes in Fig. 2a confirming the crystallinity
of each stacked region. The line profiles (Fig. 2b, bottom) along the
dashed green, orange andblue lines in Fig. 2ashow periodic variability
intheinteratomicdistance. The distances for Al, c-Al,0;and MoS, are
derived tobe 0.21 nm, 0.37 nm and 0.6 nm, respectively.

Two different types of Al,O; dielectric materials, amorphous and
crystalline, are transferred onto the MoS, channel by the same inte-
gration method. The HR-TEM images of a-Al,0,/MoS, are shown in
Fig. 2c (left) and those of c-Al,05/MoS, are shown in Fig. 2d (left). The
important tunnelling contributions of the a-Al,0,/MoS, junctions
areshowninFig.2c (right) and those of the ¢c-Al,0,/MoS,junctions are
showninFig.2d (right). Apart from direct tunnelling through a-Al,0,,
trap-assisted tunnelling, which is observed ininsulators containing a
substantial number of defects, plays animportant part. Conversely,
these tunnelling currents are suppressed because c-Al,O; has a wider
bandgap and a smaller defect density. Figure 2e shows the experi-
mental/values of ¢c-Al,0,/MoS, and a-Al,0,/MoS,, and c-Al,0,/MoS,
shows a/value thatis about two orders of magnitude lower than that of
a-Al,0,/MoS,.

A double-gate device with SiO,/Si as the global back gate and
Al/c-Al,0; as the top-gate stack is fabricated to measure the equiva-
lent oxide thickness (EOT) accurately. The top-gate capacitance (Cy;)
isextracted experimentally asshownin Extended DataFig. 6. The EOT
is calculated to be 1.4 nm (Fig. 2f) using the equation EOT = 3.45/C¢
(ref. 32). Furthermore, six devices with different EOTs are fabricated as
shownin Extended Data Fig. 6. Figure 2g compares the EOT values for
different dielectric thicknesses (¢,). The comparison of the dielectric
constant with ¢4 is shown in Supplementary Fig. 2. As expected, EOT
increases linearly with ¢, for both a-Al, O, (refs. 35-39) and c-Al,O,, which
is consistent with the equation EOT = 3.9¢,/¢,, where &4is the dielectric
constant of Al,O, (refs. 30,40). Specifically, c-Al,0, shows the smallest
EOT compared withother 2D devices based on Al,O, reported so farand
also demonstrates the potential for scaling down 2D FETs.

The/values of other typical amorphous oxide dielectrics?®?2>#4,
c-Al,0, dielectrics and crystalline dielectrics™** with varying EOTs
are provided in Fig. 2h. Except for hBN, the crystalline dielectric
materials with a well-defined interface have a smaller/ than conven-
tional amorphous oxides. As a result of the small bandgap and low
permittivity, 2D hBN exhibits extremely high/ values®. The c-Al,0,/
MoS, device shows aJ value of 10° A cm™2, which is four orders of
magnitude lower than the low-power requirement (102 A cm™) by
IRDS**. Moreover, the/values (EOT = 0.77 nm; Supplementary Fig. 3)
are steady even when the temperature increases to about 403 K (Sup-
plementary Fig. 4), indicating that the trap-assisted tunnelling phe-
nomenon in amorphous dielectric materials is hardly seen in c-Al,O,.
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Fig.2|Properties of Al/c-Al,0,gate. a, Schematic (left), cross-sectional HR-TEM
(middle) and magnified atomic-resolution (right) images of an Al/c-Al,0,/MoS,
heterostructure. b, Selected area electron diffraction patterns (top) obtained
fromthe dashed green, orange and blue boxesin a. Line intensity profiles
(bottom) along the dashed green, orange and bluelinesina. c, HR-TEM image of
a-Al,0,/MoS, (left) and theimportant tunnelling contributions (right). d, HR-TEM
image of c-Al,05/MoS, (left) and the important tunnelling contributions (right).
e, Experimental gate leakage currents for 2D FETs with c-Al,0; and a-Al,0,.

Another comparison between c-Al,0,/MoS, and the mature Si-CMOS
technology shows that/is five orders of magnitude lower than that
of Al,0,/Si (ref. 20), suggesting great scaling-down potential for the
c-Al,0,/MoS, FETs.

The interface state density (D) is determined by the 1/f noise
method*® as shown in Fig. 2i. Because of the well-defined interface
between c-Al,0;and MoS,, areduced D, of 8.4 x 10° cm™2 eV'is achieved,
similar to the value measured by the capacitance-voltage method
(Supplementary Fig. 5). The calculation details are described in the
Methods. The comparison of the D, values with those in the literature
is presented in Fig. 2j, and the details are shown in Supplementary
Table 3. Most of the D, values of exfoliated MoS, channels are high
ranging from 5 x10" cm2 eV to 10" cm™ eV for both conventional
amorphous oxide dielectrics®>>¥** and crystalline dielectrics™".
In our case, a D;, of 8.4 x10° cm™ eV'is achieved from c-Al,0,/MoS,,
and it meets the IRDS requirement for low-standby-power CMOS and
is comparable to that of Si/SiO, (D, ~ 10° cm ™2 eV™) (ref. 50).
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f, Therelationship between current and gate voltage. V;¢, top-gate voltage;
Vs, back-gate voltage. g, Therelationship between EOT and dielectric thickness.
h, Experimental gate leakage currents compared with EOT measured at
standard operating gate voltages of 1V.i, Noise power spectraas afunction of
frequency. j, Comparison of D, values measured for Si devices and different 2D
technologies.Scalebars, 5 nm (a, bottom row, middle); 2 nm (a, bottomrow,
right); 2 nm (c,d). TAT, trap-assisted tunnelling.

To study the electronic characteristics of the 2D FET based on
c-Al,0;, a self-aligned MoS, FET with 2 nm c-Al, O, is fabricated by the
vdW transfer method. The fabrication process of the self-aligned
MoS, FET is shown in Fig. 3a and Supplementary Fig. 6. Figure 3b
shows the scanning electron microscopy (SEM) image of an array of
the self-aligned MoS, FETs. The width and length of the Al gate are
100 pm and 250 nm, respectively. A small air gap between Au and
the Al gates, which ensures the complete insulation between the top
gate and source or drain and the successful self-alignment process,
is shown in Fig. 3c. The channel length is 300 nm (L., =300 nm).
The cross-sectional TEM image of self-aligned MoS, FET is shown in
Fig.3d. The vdW transfer method enables the fabrication of the com-
plete FET stack by the self-alignment process, including the source,
drain, dielectric and gate on the graphene/Ge donor wafer, and then
itis transferred onto the channel materials in a one-step lamination
process to produce the 2D FET with a good contact and dielectric
interfaces*s.



Oxygen-deficient

a Ambient environment
environment G G
Al a-Al,O,4 s b 9 s
f —
« o
> o 2 ’ i‘
% w — :
5 — — —
Sio,
Ge Ge Ge
b c
— e S i
- - - - ey Air gap
e e 100pm e B .
o S L SN A A b EE AVAu
S S A e e e NS e R S e ek e — — ] ?M
B LA A Ziie >§Lgate y : Sai il . Lg=250nm" L, =300nm
_ it o R R D B NI R i 2 Au
e L g9 ;i i
24| Ly =300 nm Lgy=2pm 107
w0l Wy, =4.5um 6r W, =4.5um
5r -3
r 10
16t 4v T 3V =
€ € 4} IE
: - £
3 12r 3 3l g 10°
\D F \D a
8 oL
i 107
4r 1F oV
r oV
0 I i 1 L 0 L 1 1 L L J
0 1 2 3 0 1 2 3 2
o) o) A 10
fie h 101 § 0% 0 AL0, ©SMiO,
O HO, OER0,
&S0,  ®ALOJ/AIN
10° 107 10°F o0 Vo, aHioo,
+* ° Sb,0, [>HfO,/hBN
Y,0, CHfO,/TiO,
102 y —~102 . Our work OSEN, = HiO/PTCDA
z $ z S L 1ra» o e
110_4 5 Vps=3V 5 Vpg =05V § =5
o _ 1 -5 _ -1 0 o
éﬂ § ss=76mVdec 3{310 $S=61mV dec’ § W@ @ % o o
- 5 [ — o
10 o ° L)
o 1077 8
DaPano
- Eme508 106; CDO OO © © &
o e
° 107° o "o %,
1 1 1 1 1 1 J 1 1 1 1 1 1 ] n 1 1 1 1
-4 3 2 A 0 1 2 3 -4 3 2 4 0 1 2 3 60 100 150 200 250
Vig ™) Vig W) SS (mV dec™)

Fig.3|Fabricationand electronic characteristics of c-Al,0,/MoS, FET.

a, Thefabrication process of aself-aligned c-Al,0,/MoS, FET. b, SEM image of
anarray of self-aligned MoS, FETs. ¢, Magnified SEM image of self-aligned MoS,
FET withasmallairgap.d, Cross-sectional TEM image of self-aligned MoS,
FET.e,f, The output (e) and transfer (f) characteristics of ashort-channel

The output (drain current versus drain voltage, /,-V;) and transfer
(drain current versus gate voltage, I,- V) characteristics of the MoS,
FET are shown in Fig. 3e,f. The output characteristics demonstrate
promising current control and saturation. The drain current of the
transfer curves shows asteep increase in the subthreshold region with
a subthreshold swing (SS) of about 76 mV dec™ and an on/off current
ratio (/,,/I.¢) of 10°. The output and transfer characteristics of the
long-channel MoS, FET are shown in Fig. 3g,h. AsmallSS of 61 mV dec™
(Extended DataFig. 7) close to the thermal limit of 60 mV dec ™ at 300 K
isaccomplished. A small hysteresis of 10 mV is also observed in the
dual-sweep linear transfer curve in Fig. 3i, indicating a low trapping

three-layered MoS, FET. g, h, The output (g) and transfer (h) characteristics
ofalong-channel three-layered MoS, FET. i, The dual-sweep transfer curve.
Jj, Experimental SS values versus /,,/;;of MoS, FETs with various dielectrics.
Scalebars, 10 pm (b); 200 nm (c); 100 nm (d).

charge density in c-Al,O,. Moreover, a contrast experiment is per-
formed using FETs containing c-Al,O, and a-Al,O, (Extended Data
Fig. 8). The SS and hysteresis obtained from the device with c-Al,O,
(SS=61mV decand hysteresis of 40 mV) are notably lower than those
of a-Al,0,(SS =120 mV dec™and hysteresis 0of 250 mV). Figure 3jshows
the SS versus /,/I ¢ results of MoS, FETs comprising different dielec-
trics!0132730-3337424446-49 and the details are shown in Supplementary
Table 4. Specifically, the MoS, FET using c-Al,0, as gate dielectric deliv-
ersthebestoverall electrical performance suchaslow SSand high/,./1 .

To further demonstrate the scalable fabrication of large-area
top-gate FETs, the FET arrays are prepared ona4-inch chemical vapour
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wafer. a, Photograph of a4-inch CVD-MoS,/sapphire wafer with top-gate FET
arrays. b, Magnified opticalimage from the red box ina. ¢, Magnified optical

deposition(CVD)-MoS, wafer. The photograph of the 4-inch CVD-MoS,/
sapphire wafer with the top-gate FET arrays in Fig. 4a confirms that
the complete FET stackis transferred to the MoS,/sapphire substrate.
Figure 4b,c does not show any wrinkles or cracks. The typical output
curves of these transistors demonstrate excellent electrostatic control
of the channel because of the high-quality dielectrics (Fig. 4d). The
transfer curves of 100 MoS, FETs exhibit the typical n-type charac-
teristics with excellent uniformity (Fig. 4e). The statistical distribu-
tions of the on/off current ratio (/,,//,) and SS extracted from 100
devices are shown in Fig. 4f and further statistical distributions of
the key parameters, including the threshold voltage, off-state cur-
rent and on-state current are shown in Extended Data Fig. 9. Seventy
percent of the devices show SS values in the range of 75-175 mV dec™
and I,/ ¢ higher than 10, which are among the best for CVD-MoS,
FET. The value and distribution of SS for MoS, transistor array can
be markedly improved as wafer-scale single-crystalline MoS, with
excellent quality is available and used in the future. The uniformity
and scalability of the c-Al,O,/graphene FETs shown in Extended Data
Fig.10indicate the ability of the fabricating high-performance radio fre-
quency transistors and other complex circuits with c-Al,05 techniquein
the future.

In conclusion, we have demonstrated the fabrication of single-
crystalline Al,O; as the high-quality dielectric layer for the top-gate 2D
transistors. This breakthrough will serve as the foundation for further
advancements in the diversity, scalability and manufacturability of
single-crystalline oxides, facilitating the seamless transition of 2D
semiconductors from laboratories to industrial environments. The

6 | Nature | www.nature.com

image fromtheredboxinb.d, The typical output curves of c-Al,0,/MoS, FETs.
e, Transfer curves of 100 MoS, FETs. f, The statistic distributions of the on/off
currentratioand SS from 100 devices. Scale bars, 200 pm (b); 50 pm (c).

approach for the growth of wafer-scale single-crystalline aluminium
and aluminium oxide can be further extended to other metals, and
some single-crystalline oxides that were unattainable before can be
synthesized for various applications. A notable advancement in this
journey is the ability to scale up to the current silicon wafer diameter
because the starting germanium for single-crystalline graphene syn-
thesis can be epitaxially grown on silicon directly, which markedly
broadensthe potential for integrationinto established silicon-factory
manufacturing processes. Meanwhile, the development of an auto-
mated debonding-transfer tool dedicated to low-dimensional materi-
als, including single-crystalline dielectric oxide, 2D channel material
and ultrathin metal electrode, is crucial to achieve the unique align-
ments between them for multifunctional 2D devices and is expected
to substantially increase throughput, improve reproducibility and
enhance the reliability of 2D integrated circuits. By constructing
complex 2D integrated circuits, particularly for hetero-integration
on mature Si-CMOS platforms, theimmense potential of 2D materials
canbe fully unlocked and can lay the groundwork for the next genera-
tion of high-performance electronic devices.
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Methods

Synthesis of single-crystalline Gr/Ge(110) template substrate

A p-type Ge(110) wafer was placed in the quartz tube in a CVD sys-
tem evacuated to 0.1 Pa. After switching off the vacuum pump, the
quartz tube was heated to 916 °C under a flow of H, (30 sccm) and Ar
(300 sccm). When the temperature of the quartz tube reached 916 °C,
Gr growth proceeded under a flowing gas mixture of CH, (0.8 sccm),
H, (70 sccm) and Ar (700 sccm) for 600 min. Then, CH, and H, were
turned off, and the quartz tube cooled to room temperature under
Ar (200 sccm). In this process, single-crystalline Gr/Ge(110) template
substrate was synthesized successfully®.

Materials preparation

In the fabrication of a single MoS, transistor, the MoS, flakes were
exfoliated mechanically and were dry-transferred to a 300-nm
SiO,/p++ silicon substrate using the PF gel films (Gel Pak). In the
batch fabrication of MoS, transistors, the wafer-scale polycrys-
tal monolayer CVD-grown MoS, on sapphire was patterned into
arrays by RIE (50 sccm O,, 30 W and 10 Pa) and photolithography.
In the batch fabrication of graphene transistors, the CVD Gr grown
on the Ge substrate was transferred to 300 nm SiO,/p++ silicon by
PMMA-assisted transfer and patterned into arrays by RIE (50 sccm
0,,30 W and 10 Pa) and photolithography. All the 2D materials were
vacuum annealed at 250 °C for 2 h to remove the photoresist and
absorbents.

Device fabrication

An Al film with a thickness of 100 nm was deposited by an electron
beam evaporation at 107 torr at a rate of 0.6 A s™. Electron beam
lithography and photolithography and electron beam evaporation
(Texas Instruments DE400) were used to define the Al nanoribbon
electrodes on the Gr/Ge(110) substrate after the lift-off process. The
top and side of Al nanoribbons were oxidized to form a-Al,O5in an
ambient environment. Afterwards, 10-15 nm thick Au was depos-
ited on the Gr/Ge(110) template to form the self-aligned source (S)/
drain (D) at arate of 0.1 A s™. Then, the dry polyvinyl alcohol (PVA)
film was laminated on the self-aligned structure at 90 °C for 3 min
by a PDMS stamp. In an anaerobic glovebox (0.2 ppm oxygen), the
self-aligned device stack together with PVA was peeled off and
physically laminated on top of the mechanically exfoliated few-layer
MoS, (or wafer-scale CVD-MoS, on sapphire) at 90 °C for 3 min by
a PDMS stamp using a microscopic alignment system. After the
transfer process, c-Al,0; was formed as the gate dielectricon Alinan
oxygen-deficient environment (0.2 ppm O,). Finally, the PVA film was
dissolved in dimethyl sulfoxide (DMSO). For the metal-insulator-
metal (MIM) capacitor, the Cr/Au (10/50 nm) bottom electrodes
were deposited on the sapphire substrate to eliminate the parasitic
capacitance.

Cross-sectional TEM sample preparation and characterization

The patterned Au/Al bilayer with a thickness of 20 nm/100 nm was
deposited on the Gr/Ge(110) substrate by electron beam evapora-
tion. The dry PVA film was laminated on top of the Au/Al patterns at
90 °C for 3 min by a PDMS stamp. The Au/Al patterns together with
PVA were peeled off from the Gr/Ge(110) substrate and attached to a
PDMS stamp. To change the thickness of c-Al,O;, the Au/Al patterns
transferred onto PVA were exposed to an oxygen-deficient environ-
ment for different durations after the peeling process. Finally, the
Au/Al/c-Al, O, patterns were transferred on the MoS,, SiO, and sap-
phire substrates at 90 °C for 3 min by a PDMS stamp on a micro-
scopic alignment system. The PVA film was dissolved in dimethyl
sulfoxide (DMSO). The entire transfer process was carried outin an
anaerobic glovebox (0.2 ppm oxygen). A 20-nm Au protection layer
was deposited directly on the whole substrate, which also serves as

the conduction layer for the subsequent focused-ion-beam process.
The cross-sectional sample was prepared by focused-ion-beam pro-
cess (Helios G4 UX, Thermo Fischer) with 30 keV Ga* and the sam-
ple was examined by TEM (aberration-corrected JEM-ARM300F)
at300kVv.

Device and materials characterization

Raman scattering was performed on the HORIBA Jobin Yvon HR800
with a514-nm excitation laser to monitor the quality of CVD Gr/Ge and
MoS,. The surface topography of Gr/Ge was assessed by atomic force
microscopy (Multimode 8, Bruker) using the tapping mode. The surface
topography and structure of the devices were examined by SEM (Zeiss
SUPRA 55). The electrical measurements were performed under ambi-
ent conditionsatroom temperature in the dark on the semiconductor
parameter analyser (Agilent BISOOA) and commercial high-resolution
photoelectric scanner (MStarter200).

EOT extraction

The EOT was estimated based on the linear relationship of the Dirac
point voltage (Vi¢ pirac) drift of the top-gate graphene transistor or
the threshold voltage (V4,) drift of the top-gate MoS, transistor as
a function of the back-gate voltage (V;;) (ref. 32) by the following
equation:

AVe . Crg _
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where 3.45 pF cm™ is the gate capacitance of 1 nm SiO,, C;; is the
top-gate capacitance and Cy; is the back-gate capacitance of 300 nm
Si0,.

Interface states extraction
The interface state, D,, was extracted according to the 1/f noise
method® using the following equation:

2
i = & S . S - qZKBTDit
Iés Ids vibr 2vfb WLC%Xf ’

where §,is spectral density, g, is the gate transconductance, S, is
the flat band voltage spectral density, g is the electronic charge, Ky is
Boltzmann’s constant, Tis the temperature, Wand L are the widthand
thelength of the channel, respectively, and C, is the gate capacitance
per unitarea.

Theinterfacestate, D, was extracted according to the C-Vmethod*®
using the following equation:

bl (L- 1}’1_[1_ 1}’1
g Gr Cox G G ’

where g is the electronic charge, C,, is the gate capacitance per unit
area, C,,;and C,; are the measured quasistatic (low-frequency) and
high-frequency depletion capacitance per unit area, respectively.
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Extended DataFig.1| Epitaxial single-crystalline Al (111) on Gr/Ge (110)
substrate. a, Cross-sectional HRTEM image of Al/Gr/Ge (110) interface.

b, Magnified cross-sectional HRTEM of Al/Gr/Ge (110) interface from the red
boxesin (a).c,and d, Magnified cross-sectional HRTEM of single-crystalline
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boxesin (b), respectively. e, EDS mapping images of Al/Gr/Ge interface.

f, AFM thickness of single crystalline Al layer grown on Gr/Ge (110) substrate
obtained from 28 random points on the wafer. g, High-resolution XRD of
Al(111)/Gr/Ge(110) heterostructure obtained from 15 random points on the
wafer.
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a The water-free transfer process under condition of insufficient oxygen
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Extended DataFig.3|Schematic and opticalimages of the graphene-
assisted Al/c-Al,0; water-free transfer printing process. a, Schematic of
the water-free transfer process of Al/c-Al,O; patterns under an oxygen-
deficientenvironmentin aglovebox. The process startswithaclean CVD
Gr/Ge substrate; followed by defining Al patterns by electron beam lithography
(EBL)/photolithography, depositing Al by electron beam evaporation and
lifting off; first printing dry PVA film on Al patterns usinga PDMS stamp at

90 °C; second peeling off Al patterns from Gr/Ge substrate using dry PVA
filmatroom temperatureinaglovebox; second transferring and printing
PVA/Al/c-Al,0;0ontarget substrate usinga PDMS stamp at 90 °C; finally, the PVA
filmis dissolved by dimethyl sulfoxide (DMSO). b, Opticalimage of Al/c-Al,0O,
patternstransferred onto a4-inch PVA film. ¢, Optical image of Al/c-Al,0,
patterns transferred onto a4-inch Siwafer. d, Magnified optical image of
Al/c-Al,O, patterns from the red boxin (c).
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Extended DataFig. 5| Cross-sectional HRTEM images of vdW-transferred redboxof2nm,3 nm, 6 nm,and 10 nm c-Al,0; by exposing Al to an
Al/c-Al,0, with different thickness on the sapphire substrate. a-d, The oxygen-deficientenvironmentfor1lh,2h,5h,and12 h, respectively.
cross-sectional HRTEM images and corresponding enlarged images from the
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Extended DataFig. 6 |Double-gate measurement to extract EOT.

a, Aschematic of the double-gate graphene transistor model. C;is the top
gate capacitance of c-Al,05, Cy; (0.0115 uF cm™) is the back gate capacitance
0of300 nm SiO,, C,is the quantum capacitance of graphene. b, and ¢, Transfer
curvesofatypical top gate graphene transistor with c-Al,0, as gate dielectrics
and corresponding transfer curves under different Vj;, V,=0.1V.d-g, Dirac

point voltage (Vi pirac) VErsus Vs in top gate graphene transistors. From
thelinear fitting, EOT of 1nm,1.46 nm, 1.64 nm, and 1.67 nm are obtained
respectively. h, Liner fitting of threshold voltage of a top gate MoS, transistor,
EOT of 3.3 nmisobtained. i, C-V characteristics for MIM devices with 10 nm
c-Al,O,under different frequencies, EOT of 4 nmis obtained.
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Extended DataFig.7|SS distributionand hysteresis of vdW-transferred ¢, Thedouble-sweep transfer curves with different step size and sweeping rates
c-Al,0,top-gate MoS, transistors. a, Transfer curves of top-gate MoS, of MoS, transistor using the transferred c-Al,O,/Al gate stack. d, Hysteresis
transistor. b, SS distribution as a function of channel currentina. The dashed versus sweep rate.

linerepresents the thermal limit of SS at room temperature (60 mV/dec).
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Extended DataFig. 8 |Electrical performance ofa-Al,0;and c-Al,O,
top-gate MoS, transistors. a, and b, Transfer and output curves of ALD a-Al, O,
top-gate MoS, transistors. c, The double-sweep transfer curves with different
gate-voltage ranges of ALD a-Al,O; top-gate MoS, transistors. d, and e, Transfer
and output curves of vdW-transferred c-Al,O, top-gate MoS, transistors.
f,Enlarged double-sweep transfer curves with different gate-voltage ranges

of vdW-transferred c-Al,O; top-gate MoS, transistors. The top-gate MoS,
transistors with vdW-transferred c-Al,0; dielectricand Au contracts show a
higher on/offratio (1.05 x 108), smaller subthreshold swing (§S = 61 mV/dec)
and hysteresis (40 mV). By contrast, the devices with ALD a-Al,0;and deposited
Au contacts show anotably smaller on/offratio (1.4 x 107), larger SS (120 mV/dec),
and hysteresis (250 mV).
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Extended DataFig. 9 |Electrical performance of CVD-MoS, transistor array.
Histogram and Lorentz’s distribution fits of a, subthreshold swing SS,

b, threshold voltage, V,,, ¢, on/offratio /oy/l s, d, off-state current /o, and

e, on-state current/,yextracted from the transfer curves of 100 devices.
According to Lorentz distribution fittings, the statistical results of SS, V,,,

Ion/lore, 1orr, and I,y show centralized distributions with average values of
121.8 mV/dec,0.63V,3.2x10°%,7x10™A,2 x107 A, respectively. The electrical
performance and uniformity of MoS, transistors can be furtherimproved by
using single crystalline CVD MoS, waferin the future.
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Extended DataFig.10|Electrical performance of CVD-growngraphene graphenetransistor. e, Transfer curves of 43 graphene transistorsin the array,
transistor array. a, Opticalimage of the top-gate graphene transistor array V,=0.1V.f,Histogram and Lorentz’s distribution fits of Dirac point voltage, the
with vdW-transferred c-Al,O, dielectric and Au contracts.b, SEMimage of a Dirac point voltage shows centralized distribution with average values of 0.13 V.

single graphene transistorina.candd, Transferand output curves of a typical
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