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Abstract

Owing to the absence of a band gap, the direct ap-
plicability of graphene for transistors and logic devices
is still limited. Recent studies have shown that the van
der Waals heterostructure of graphene and other mate-
rials can be a great candidate to overcome these issues,
such heterostructures demonstrated vertical field effect

tends to be small (around 2Q0° A/cn?). In comparison
with these devices, the Gr/MgBetal (GMM) vertical
heterostructure provides significant advantageteims of
a large driving current [4]. In particular, the GMdlkvice
exhibits an ON current density of ~*18/cm?, which is a
significant improvement over the ON current dens#jues
of other Gr-based vertical transistors. Howeveustffar,

transistor (FET) operations as well as large current
ON-OFF ratio. However, realization of a large ON-OFF
ratio smultaneoudly with a large ON current density
has been «till challenging and not demonstrated yet. In
our study, we fabricated a graphene/M oS,/metal verti-
cal heterostructure by using mechanical exfoliation and
dry transfer of graphene and M oS, layers. The van der
Waals interface between graphene and M oS, exhibits a
well-defined Schottky barrier, and this barrier height is
strongly modulated by an external gate electric field.
We obtained a large current ON-OFF ratio exceeding
10° simultaneously with a large ON current density of
~10* A/cm?. We believe that our fabricated devices re-
veal superior performance to other existing gra-
phene-based vertical transistors and present an im-
portant advance toward electronics applications.

the experimentally observed ON-OFF ratio in suchN&EM
structures has been limited to values below’~E@tending
the performance limit of GMM devices is crucial fiaal-
izing Gr-based electronics. In this study, we fedieéd an
exfoliated-graphene/Ma8netal vertical heterostructure via
mechanical exfoliation and dry transfer of Gr an@dSyl
layers. The mechanical exfoliation technique affora
high-quality graphene layer and interface betweera@l
MoS,. The interface between Gr and Mo®xhibits
near-ideal Schottky-diode behavior, thereby faatilitg
strong current rectification. Furthermore, we destmte a
large current modulation exceeding®l®gether with a
large ON state current density of <1&/cn? [5]. These
values indicate superior device performance whem-co
pared with those of all existing Gr-based vertieBIT de-
vices.
1. Introduction 2. Experimental methods

Recently, van der Waals heterostructures of graphen  The schematic of our Gr/Me@@netal device is shown in
(Gr) and other layered crystals such as h-BN, Ma8&d Fig. 1(a). First, a single-layer Gr bottom electrodas fab-
WS, etc. have been received considerable attentiohs [1 ficated on a 300-nm-thick Sid-Si(001) substrate via
OW|ng to its weak van der Waals inter|aye|’ Coup"ngs mechanical exfoliation of Kish graphite. Second, I-mu
revealed that one can mechanically exfoliate thegered ti-layer MoS was exfoliated from a synthetic Mp&rystal
crystals down to one or few monolayers and alseiptes and d_eposned on the Gr electr_ode through the rar}ster
to fabricate heterostructure together with differiyered ~ t€chnique. The advantage of this transfer procedisat we
crystal connected with van der Waals force. Amdmege could prepare freshly cleaved Gr ar_ld Mae8rfaces, which
heterostructure, devices utilizing vertical trangpacross were _then _b_rought Into_contact with each o_therrelhye
the heterointerface reveal potential high perforceafor ensuring minimum contamination at the Gr/Ma&erface.

: X .2 Finally, Au/Ti metal top electrodes were fabricated
electronics and optoelectronics applications. EXxampf . .
- . ; MoS,; via standard electron beam (EB) lithography and EB
these applications are vertical tunnel transistasel on

) i evaporation. We fabricated a series of GMM devisih
Gr/h-BN/Gr and GriWSGr structure [2,3], vertical field o o MoS thicknesses ranging from 2.4 to 40 nm and
effect transistor based on Gr/M@®etal structure [4].

) 0 G confirmed these thickness values using AFM measginésn
Among these devices, a large ON-OFF ratio 0-10°has  Thege thicknesses correspond to the layer numbege M
been demonstrated in Gr/\WGr vertical tunnel transistor

_ \ ! = 4-62, assuming the single-monolayer thicknessia$,
[3]. However, in these devices, the ON current dgns
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to be 0.65 nm. For characterizing vertical trans@@ross  [4] W. J. Yuet al., Nat. Mater12, 246-252 (2012).
the GMM devices, we applied a source-drain Bigsin [5] R. Moriyaet al., submitted.

between the Au/Ti electrode and Gr. A back-gate ba

was applied between the Si substrate and the Gar lay

thereby enabling control over the carrier concéiatnaand

thus the Fermi level of Gr. The Dirac point of Be layer (a) (b)

for our series of devices was located in the reofigés = Metal

0-15 V, and the carrier mobility for Gr was 3000860 J:_—_LVEI

cnf/Vs, as determined from two-terminal resistance snea MosS, 2

urements. The junction area was 1+&.
0—0—0—0—0—0—0—0%(—(3?’

3. Resultsand discussion SiO; (300 nm)
First, we examine the transport properties ef @viM
device forN = 37. The photograph of this device is shown
in Fig. 1(b). The current—voltage characteristic8/] were T VG

measured between electrodes A and B [shown inIKip)] =
over a voltage range &f; = -50 to +50 V; the results are (c) GréMoSz Gr—= |V|082
shown in Fig. 1(c). The current values are norrealiwith 105 T =350V
the junction area of 4im? for this device. Here, W corre- | 300 K Ve=+50 e
sponds to electron flow from Gr to MaSNe observed a : —
significant change in the-V curve with respect to change ~10
in Vg. In particular, the modulation of current is laigehe £ -
+ Vg region, whereas it is relatively small in thé region. . 1]
A large current ON-OFF ratifVg = +50 V)I(V = -50 V) %10
exceeding 10at Vs = +0.5 V was observed in our exfoli- e
ated-Gr/Mo%/Ti vertical heterostructure. This value is sig- B
nificantly higher than the previously reported \esduob-
served in CVD-Gr/MogTi devices, although the device 3 .
structures of both devices are fairly similar [&jnce the 10 55 00 05
ON current density is comparable between our resit ’ V. (V) ’
those in ref. 4, we speculate that the large ON-GHi6 in B
our GMM device is due to the significant reductionthe  Fig. 1 (a) Schematic of Gr/Menetal (GMM) vertical hetero-
OFF current density as a consequence of usingiatedl structure and measurement circuit. (b) Optical oscope image
Gr as the electrode [5]. of the GMM device. (c) Current—voltage-V) characteristics of
the GMM device measured at differérfg values at 300 K.

4. Conclusion

The achievement of both a large ON-OFF ratid{)-1
and a large ON-current density in the range of'-A/6m’
in an exfoliated-graphene/Mgetal vertical heterostruc-
ture demonstrates superior device performance wbem
pared with those of other graphene-based vertiaasis-
tors. We believe that the use of this type of 2{5tal het-
erostructure can lead to further developmentsdatednics
applications.
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