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High-Density Vertical Transistors with Pitch Size Down to
20 nm

Zhaojing Xiao, Liting Liu, Yang Chen, Zheyi Lu, Xiaokun Yang, Zhenqi Gong, Wanying Li,
Lingan Kong, Shuimei Ding, Zhiwei Li, Donglin Lu, Likuan Ma, Songlong Liu, Xiao Liu,
and Yuan Liu*

Vertical field effect transistors (VFETs) have attracted considerable interest for
developing ultra-scaled devices. In particular, individual VFET can be stacked
on top of another and does not consume additional chip footprint beyond
what is needed for a single device at the bottom, representing another
dimension for high-density transistors. However, high-density VFETs with
small pitch size are difficult to fabricate and is largely limited by the trade-offs
between drain thickness and its conductivity. Here, a simple approach is
reported to scale the drain to sub-10 nm. By combining 7 nm thick Au with
monolayer graphene, the hybrid drain demonstrates metallic behavior with
low sheet resistance of ≈100 𝛀 sq−1. By van der Waals laminating the hybrid
drain on top of 3 nm thick channel and scaling gate stack, the total VFET pitch
size down to 20 nm and demonstrates a higher on-state current of 730 A
cm−2. Furthermore, three individual VFETs together are vertically stacked
within a vertical distance of 59 nm, representing the record low pitch size for
vertical transistors. The method pushes the scaling limit and pitch size limit
of VFET, opening up a new pathway for high-density vertical transistors and
integrated circuits.

1. Introduction

Graphene based vertical field effect transistors (GVFETs)
have attracted considerable interest for high performance
electronics.[1–4] Within this device structure, the semiconduc-
tor channel is vertically sandwiched between metal drain and
graphene source electrodes, where the tunable Fermi level
of graphene could enable effective control of vertical carrier
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injection across graphene-semiconductor
junction.[4,5] In particular, the channel
length (vertical distances between two elec-
trodes) of a GVFET is determined by the
semiconductor thickness and can be easily
scaled down to sub-10 nm regime (ref. [5]).
More importantly, vertical transistors can be
further stacked on top of another through
monolithic 3D integration and does not
consume additional chip footprint beyond
what is needed for a single device at the
bottom.[6–8] Therefore, high-density tran-
sistors are expected in vertical direction
without the need of sophisticated high-
resolution lithography, opening up another
dimension for high-density devices and fur-
ther extending Moore’ Law.

However, fabricating high-density
GVFETs with small pitch size is techno-
logically challenging, and could be largely
attributed to the vertical scaling of drain
metals. In a typical back-gated GVFET, five
essential layers are subsequently deposited

in the vertical direction, including gate layer, dielectric layer,
source layer, channel layer, and drain layer, as schematically illus-
trated in Figure 1a. The total pitch size is simply determined by
adding their layer thicknesses, hence, reducing the thickness of
each component has been a major focus for GVFET scaling. In re-
cent years, the source layer and channel layer have been scaled to
atomic thickness (<1 nm) using monolayer graphene and molyb-
denum disulfide (MoS2), respectively;[4,5,9] similarly, the gate di-
electric and gate electrode could also be scaled to sub-5 nm thick-
ness using 2D boron nitride (BN) and graphene.[10–15] However,
the vertical scaling of drain metal remains of great challenge due
to the trade-offs between metal thickness and conductivity.[16,17]

Reducing the thickness of conventional metal below 20 nm, the
resistance of drain electrode could exponentially increase and
eventually become discontinuous (open-circuit) when thickness
decreases to sub-10 nm (ref. [18, 19]). On the other hand, 2D
metal (such as graphene) has been applied as the drain electrode
for thickness scaling, however, large contact resistance is typically
observed due to the limited work function modulation and the
limited density of states of graphene electrode.[2,11] Therefore, the
thinnest metal drain electrode of GVFET is over 20 nm and the
pitch size is typically over 100 nm (ref. [5, 20–22]), greatly limiting
the scaling of GVFET.
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Figure 1. Scaling of drain electrode thickness and the fabrication processes of ultra-thin GVFET. a) Schematic of the GVFET, where the vertical pitch
size is determined by the thickness of all functional layers. b) Fabrication processes of GVFET with ultra-scaled drain electrode, including four essential
steps: i) fabrication of graphene/MoS2 heterostructure, ii) drain pre-fabrication on a sacrificial substrate, iii) metal mechanically peeling-off, iv) vdW
integration of drain on the graphene/MoS2 heterostructure. c) Corresponding optical image of each fabrication step, and the scale bars are 3 μm. d)
The measured Rsh of Au film as a function of film thickness. e) The Rsh of monolayer graphene (black curve), 5 nm thick graphene/Au hybrid film (blue
curve), and 7 nm thick graphene/Au hybrid film (red curve), under various gate voltages.

In this article, we report a simple approach to scale the drain
electrode to sub-10 nm and the total GVFET pitch size down to
20 nm. By combining 7 nm thick Au with monolayer graphene,
the hybrid film demonstrates metallic behavior with low sheet
resistance (Rsh) of ≈100 Ω sq−1, which is over one order of mag-
nitude <7 nm thick Au or monolayer graphene. Furthermore, by
van der Waals (vdW) laminating the hybrid drain on top of 3 nm
thick MoS2, the delicate lattice of vertical short-channel can be
largely retained. Together, we can scale the whole GVFET to a
smallest thickness of 20 nm, including all essential component
layers, and the device demonstrates a higher on-state current of
730 A cm−2. Furthermore, we vertically stacked three individual
GVFETs together within a vertical distance of 59 nm, correspond-
ing to a smallest vertical pitch size of 20 nm, representing the
record low pitch size for not only vertical transistors but also con-
ventional planar transistors, to the best of our knowledge. Our
method pushes the scaling limit and pitch size limit of GVFET,
opening up a new pathway for high-density vertical transistors
and integrated circuits.

2. Results and Discussion

2.1. GVFET Fabrication Processes with Ultra-Scaled Drain
Electrode

Figure 1b schematically illustrates the device structure and fabri-
cation processes. To fabricate the device, monolayer graphene is
first mechanically exfoliated onto a silicon substrate (with 300 nm
SiO2), working as the bottom source electrode. Next, MoS2 flake

(3 to 5 nm thick) is mechanically exfoliated as the channel ma-
terial and dry-transferred on top of graphene source, as shown
in Figure 1b,i. We note the dry transfer process here is essen-
tial to obtain a clean graphene/MoS2 interface with minimized
residues or defects, enhancing the carrier transport in vertical di-
rection. In the meantime, ultra-thin graphene/Au hybrid film is
pre-fabricated on a sacrificial Si substrate as the drain electrode,
by depositing 7 nm thick Au on top of monolayer graphene, as
shown in Figure 1b(ii). Finally, metal electrodes are mechani-
cally released and physically laminated on top of graphene/MoS2
vertical heterostructures using our previous vdW integration
technique,[23] as shown in Figure 1b(iii–iv). The corresponding
optical images of fabrication steps are shown in Figure 1c, and
the details of the vdW integration process are described in Exper-
imental Section.

We note our device structure and vdW lamination processes
are unique to achieve ultra-scaled vertical transistors, owing to
two factors. First, in term of the drain thickness, the graphene/Au
hybrid film is essential to reduce its thickness to ≈7 nm, over-
coming the conductivity limitation of ultra-thin metal film. To
demonstrate this, we have measured the sheet resistance of Au
film with various thickness, as well as our graphene/Au hybrid
film. As shown in Figure 1d, the Rsh of Au film increases quickly
with thickness reducing below 20 nm, indicating the film sur-
face roughness and scattering start to impact electron transport.
With further reducing thickness below 10 nm, Au film is totally
non-conducting due to film discontinuity and Au islands forma-
tion, as confirmed through SEM (scanning electron microscopy)
image in Figure S1 (Supporting Information). In contrast, for
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Figure 2. Electrical measurement of GVFETs with different drain electrodes. a) Cross-section schematic of our GVFET with 7 nm graphene/Au hybrid
drain electrode. b) Ids−Vgs transfer characteristics of GVFET with 7 nm graphene/Au hybrid drain electrode at various bias voltage of 1, 5, 10, and
100 mV. c) Ids−Vds output characteristics of GVFET with 7 nm graphene/Au hybrid drain electrode under various gate voltages from −60 to 60 V (20 V
step). d) Optical image of GVFETs with different drain electrodes, including 50 nm thick Au, 7 nm thick Au, and monolayer graphene. The bottom
monolayer graphene source electrode is highlighted by a red box, top monolayer graphene drain electrode is highlighted by a white box. e) Ids−Vgs
transfer characteristics of GVFET with 50 nm thick Au drain electrode. f–h) Electrical measurement of GVFETs with various drain electrodes of f) 50 nm
thick Au, g) 7 nm thick Au, and h) monolayer graphene, and their corresponding device schematics are shown as the insets.

graphene/Au hybrid film with 7.3 nm total thickness (0.3 nm
graphene plus 7 nm thick Au), metallic behavior and Rsh of ≈100
Ω sq−1 could still be observed (red curve in Figure 1e) due to the
better wettability of the Au film on graphene substrate (SEM im-
age in Figure S1, Supporting Information), which is low enough
to maintain the electrical properties of GVFET. Furthermore, the
measured Rsh is much lower than that of monolayer graphene
(black curve in Figure 1e), and importantly, the hybrid film does
not show any gate modulation behavior, indicating the semi-
metallic behavior of graphene disappears and the film acts as
pure conductor.[24] In contrast, by further reducing the Au thick-
ness from 7 to 5 nm, the hybrid film (5 nm Au with monolayer
graphene) shows much increased Rsh and a clear Dirac point, as
highlighted by the blue curve in Figure 1e suggesting the hybrid
film is semi-metallic. Therefore, we choose 7 nm thick Au with
graphene as the optimized thickness for drain electrode scaling.

Second, besides the scaling of drain electrode, our vdW lami-
nation process is also essential for the scaling of channel length
of GVFET. As demonstrated in previous studies, directly deposit-
ing metals on the ultra-thin vertical channel is highly destruc-
tive, since the deposition process usually involves repeated bom-
bardment to the channel region with high energy hot atoms or
atomic clusters, leading to considerable interface damage, de-
fects, and surface states.[23,25,26] The disordered contact interface
is particularly critical for ultra-thin GVFET where the contact re-
gion is essentially the whole channel, leading to vertical leakage
current paths and eventually short-circuit.[5] Therefore, short ver-
tical channels (<10 nm) can hardly be fabricated using the di-
rect evaporation process, limiting the scaling of vertical channel

length. In contrast, within our process, the hybrid drain film is
pre-fabricated on a sacrificial wafer and then physically laminated
on top of the ultra-thin MoS2 channel, where the delicate vertical
channel is not impacted by the harsh fabrication process. Hence,
ultra-scaled channel length could be realized with thickness of
3 nm, which is also important to reduce the total pitch size.

2.2. Electrical Measurement of GVFET with 7 nm Thick Drain
Electrode

Electrical transport studies of the resulting devices were carried
out at room temperature in a probe station under vacuum con-
dition (1.2 × 10−5 Torr). As shown in Figure 2a, the bottom
graphene is always grounded as the source electrode, the top
graphene/Au hybrid electrode is biased as the drain electrode
and the back-gate dielectric is 300 nm thick SiO2. Figure 2b,c
shows the Ids–Vgs transfer curve and Ids–Vds output curve of the
resulting device. In general, the current density increases with in-
creasing positive gate potential, demonstrating that the electrons
are the majority charge carriers in vertical transistor, consistent
with the n-type MoS2 (ref. [5, 8, 21]). The on-off ratio of the short-
channel device is over 320 (Figure 2b), also consistent with previ-
ous GVFETs with sub-3 nm channel length,[5] and could be fur-
ther enhanced by increasing the channel length (2D thickness) of
the device.[5] In addition, the short channel advantage of vertical
transistors allows the overall electrical properties is dominated
by the vertical carrier transport rather than planar transport, con-
sistent with previous literatures.[8] The current density could be
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further calculated by normalizing the total current with vertical
overlapping area (between hybrid drain and graphene source),
resulting in a highest current density of 850 A cm−2 at 0.1 V
bias and 6000 A cm−2 at 0.5 V bias, as shown in Figure 2c and
Figure S2 (Supporting Information). It is particularly important
to note that this current density is over 3 orders of magnitude
larger than the vertical tunneling transistors[11] and barristors[9]

at the same Vds bias, which may also be largely attributed to our
ultra-short channel length.

To further evaluate the vertical transistor performance using
7 nm graphene/Au hybrid drain, we have pre-fabricated three
different drain electrodes and then vdW integrating them on
the same bottom graphene/MoS2 stack as the control samples.
As shown in Figure 2d, the first drain electrode is 50 nm thick
Au, the second one is 7 nm thick Au, and the third one is
monolayer graphene. Importantly, these parallel transistors have
same bottom electrode and channel flake (fabricated on the same
graphene/MoS2 heterostructure), and the only difference is the
top electrode, providing fair comparison between the top elec-
trode with the device performance. First, for devices with 50 nm
thick Au electrode, the device demonstrates an on-off ratio of 400
and an on-state current of 837 A cm−2 (Figure 2e,f), similar to
our device with ultrathin hybrid drain, indicating the 7 nm thick
graphene/Au hybrid drain is conducting enough and the elec-
trode resistance won’t impact the overall carrier transport. Sec-
ond, for device with 7 nm thick Au drain electrode, the vertical
transistor is totally open-circuit without any detectable current
level (only noise level <10−10 A, as shown in Figure 2g). This be-
havior is expected since film discontinuity and islands formation
have been observed for 7 nm Au film (Figure S1, Supporting In-
formation). Third, for device with monolayer graphene as drain
electrode, the GVFET demonstrates a small on-state current of
60 A cm−2 at 100 mV bias, which is over one order of magni-
tude lower than our device with hybrid electrode (Figure 2h).
The much-reduced driving current is not only limited by the
larger lateral resistance of graphene electrode, but more limited
by the lower carrier density of graphene compared to that of hy-
brid metal film, since the carrier injection or tunneling possibil-
ity is directly related to density states of graphene electrode (be-
tween graphene and MoS2 channel), hence much reduced car-
rier injection efficiency. This poor graphene contact at drain side
is intrinsically different from bottom graphene/MoS2 contact at
source side, which can be electrically modulated by the gate volt-
age and hence more controllable barrier height and injection
efficiency.[27] In summary, the electrical comparison of three con-
trol samples clearly demonstrates our 7 nm thick hybrid drain
could simultaneously ensure the high device performance and
the scaled drain thickness.

2.3. Realization of Ultra-Scaled GVFET with Thickness Below
20 nm

With the ability to reduce the hybrid drain thickness to 7 nm, we
could construct an ultra-scaled GVFET to probe its scaling limit.
To fabricate this device, bilayer graphene (0.7 nm thick) is used
as the gate electrode, 6 nm thick BN is used as the gate dielec-
tric, monolayer graphene (0.3 nm thick) is used as the source
electrode, four layers MoS2 (2.4 nm thick) is used as the chan-

nel, and 7 nm graphene/Au hybrid electrode is used as the drain
electrode. These active components are layer-by-layer stacked us-
ing vdW integration technique, where the device schematics and
corresponding optical image are shown in Figure 3a,b and de-
tailed in Figure S3 (Supporting Information). Figure 3c shows
the cross-sectional transmission electron microscope (TEM) im-
age of the corresponding device, and the total device thickness
is measured to be 19.5 nm. Importantly, atomic clean interfaces
between each layer are observed and could be largely attributed
to our vdW stacking process with minimized residues and de-
fects, which is important to ensure the ultra-thin vertical channel
without short-circuit between source-drain electrodes, as shown
in Figure 3d.

Electrical properties of the resulting device are measured
at room temperature within a vacuum probe-station (1.2 ×
10−5 Torr). Figure 3e shows the Ids–Vgs transfer characteristics
of 20 nm thick GVFET under various bias voltage, demonstrating
an average on-off ratio of 160. We note the on-off ratio is relatively
small due to the ultra-short MoS2 channel used here and could be
increased over 103 by using thicker MoS2 (ref. [5]). Within reduc-
ing channel length to such short regime (≈2.4 nm), direct tun-
neling current starts to emerge between the source-drain elec-
trode, leading to uncontrollable off-state leakage current hence
reduced on-off ratio (ref. [5]). Therefore, trade-offs are needed be-
tween the channel length and on-off ratios, similar as the short
channel effect in conventional planar transistors.[28] In addition,
we note a clear Dirac point is observed in the transfer curve (as
highlighted in Figure 3e), which could be attributed to two mech-
anisms. First, the ultra-flat surface of BN significantly reduces
the electron–hole charge fluctuations, leading to lower substrate
doping with clear Dirac point. Furthermore, the channel material
MoS2 is thinner compared to the device in Figure 2b, resulting
in lower channel resistance. Consequently, the lateral resistance
of graphene electrode contributes a larger proportion to the to-
tal resistance of the device, leading to more visible Dirac point.
Figure 3f shows the Ids-Vds output characteristics of the GVFET,
exhibiting a highest current density of 730 A cm−2 at a bias volt-
age of 0.1 V, consistent with the results in Figure 2c using global
back gate.

2.4. 3D Integration of GVFETs with Pitch Size of 20 nm

Achieving high integration density is one of the primary motiva-
tions for GVFET scaling, where multiple devices could be stacked
together in vertical direction and do not consume additional chip
footprint beyond what is needed for a single device placed at the
bottom.[4,6,8] To demonstrate this, we have fabricated a proof-of-
concept device by stacking three pre-fabricated GVFETs in the
vertical direction. To save the vertical space, the middle GVFET
shares the same drain electrode with the bottom GVFET and the
same gate electrode with the top GVFET, as schematically illus-
trated in Figure 4a,b and detailed in Figure S4 (Supporting In-
formation). The optical image of the final device is shown in
Figure 4c and the corresponding cross-sectional TEM image of
our fabricated device is shown in Figure 4d–f. The pitch size of
three GVFETs from bottom to top are 19.4, 22.2, and 17.5 nm,
respectively, and the total length of three transistors is measured
as 59.1 nm (Figure 4d,e), corresponding to an integration density
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Figure 3. Ultra-scaled GVFET with total thickness below 20 nm. a,b) Cross-section schematic and optical image of an ultra-scaled GVFET, including
all essential device layers of gate electrode, dielectric, source, drain, and channel. c,d) High-resolution transmission electron micrograph (TEM) image
of the device, demonstrating the atomic flat interfaces and a total device length of 19.5 nm. Graphene is highlighted by dash line. e) Ids–Vgs transfer
characteristics of the ultra-scaled GVFET at various bias voltage of 1, 5, 10, and 100 mV. f) Ids–Vds output characteristics of the ultra-scaled GVFET at
various gate voltages.

of 5 × 104/mm in vertical direction and a smallest pitch size of
20 nm in average. We note that there is a gap of ≈10 nm be-
tween bottom GVFET (transistor 1) and middle GVEFT (transis-
tor 2), which could be attributed to the annealing process dur-
ing the electrode transfer or could be attributed to the strain in-
duced during the FIB cutting process. At the same time, atomic
clean interfaces are observed for the stacked GVFETs with mini-

mized interfacial residues and defects, as shown in Figure 4f. To
further validate whether the transfer process impacts electrical
performance of our stacked GVFETs, we conducted a compara-
tive analysis by testing the electrical characteristics of the same
device before and after transfer process. As shown in Figure S5
(Supporting Information), the Ids–Vgs transfer characteristics re-
main identical by transferring the device to a different substrate,

Figure 4. 3D Integration for realizing high-density GVFETs. a,b) Cross-sectional and perspective schematics of three vertically integrated GVFETs. c)
Optical image of the vertically stacked device with three GVFETs. d–f) Corresponding cross-sectional transmission electron micrograph (TEM) image of
three stacked GVFETs with a total length of 59.1 nm. Graphene is highlighted by red dash line.
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indicating our vdW lamination process will not alter the intrinsic
properties of stacked GVFETs. Furthermore, we note although
pre-mature, such small pitch size is indeed a record low value
as far as we know, for not only vertical transistors but also pla-
nar transistors. The achievement of such small pitch size is the
result of the unique structure of VFET, where the size of all es-
sential components is only determined by the layer thickness. In
contrast, for conventional planar transistors, the lateral dimen-
sion of each component is eventually limited by process resolu-
tions of lithography, etching, or implantation process, where the
achievement of 20 nm lateral size for a single pattern (such as
channel length, contact length or gate length) is very challenging
and the total transistor pitch size could be much larger.[29,30]

3. Conclusion

In summary, we have reported a simple approach to scale the
drain electrode to sub-10 nm and the total GVFET pitch size
down to 20 nm. By combining 7 nm thick Au with monolayer
graphene, the hybrid drain electrode demonstrates metallic be-
havior and low Rsh ≈100 Ω sq−1, over one order of magnitude
lower than the device with 7 nm thick Au or monolayer graphene
as the drain. Importantly, by vdW laminating the hybrid film on
top of 3 nm thick MoS2, the delicate lattice of ultra-short vertical
channel can be largely retained. Furthermore, we scale all essen-
tial component layers to construct an ultra-scaled GVFET, includ-
ing gate metal, gate dielectric, source, drain, and vertical channel.
The ultra-scaled GVFET shows a smallest thickness of 19.5 nm
as well as high on-state current of 730 A cm−2, consistent with
device using thicker drain electrodes. Finally, we stack three indi-
vidual GVFETs together within a vertical distance of 59 nm, cor-
responding to a highest integration density of 5 × 104/mm in the
vertical direction and a smallest pitch size of 20 nm on average.

4. Experimental Section
Fabrication and Integration Process of the Hybrid Drain Electrode: Mono-

layer graphene was first mechanically exfoliated on a sacrificial Si wafer and
then was etched into a graphene stripe (2 × 10 μm2) using oxygen plasma
following electron beam lithography. Metallization was performed by ther-
mal evaporation of 7 nm thick Au on top of it to construct a graphene/Au
hybrid electrode. At the same time, 50 nm thick Au electrodes were also
fabricated on a sacrificial Si wafer by e-beam lithography followed by ther-
mal deposition. The sacrificial wafer was then functionalized by a hex-
amethyldisilazane layer in a sealed chamber at 80 °C for 40–60 min and
then spin-coated with poly(methylmethacrylate) (PMMA). After function-
alization, the PMMA layer and the metal electrodes (or hybrid electrode)
wrapped underneath can be mechanically released using tapes or a thick
transparent polydimethylsiloxane stamp owing to the weak adhesion force
between PMMA and the functionalized silicon wafer. Next, the metal elec-
trodes could be mechanically released and vdW laminated on the desired
target substrate within an ambient atmosphere under an optical micro-
scope. Finally, all pads of the device were exposed by e-beam lithography
for subsequent electrical testing.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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