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ABST

Reliable fabrication of lateral interfaces between conducting and semiconducting 2D
materi idered a major technological advancement for the next generation of highly-
packedﬂectronie circuitry. In this report, we employed seed-free consecutive
chemical Vanr §positi0n (CVD) processes to synthesize high-quality lateral MoS,-graphene
heterostru and comprehensively investigated their electronic properties through a

combinatio rious experimental techniques and theoretical modeling. Our results show
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that the MoS;-graphene devices exhibit an order of magnitude higher mobility and lower

noise metrics compared to conventional MoS,-metal devices as a result of energy band

{

rearrangem d smaller Schottky barrier height at the contacts. These findings suggest that

MoS,-gra ne heterostructures are promising materials for the scale-up of all-2D

.. n=n . .
circuitry vgith superlative electrical performance.

CTION

According to ore’s law, the transistor count per chip doubles every two years.!'! The

continuin age in size is pushing the silicon-based industry toward its physical

limitations. Nunlerous efforts are now being dedicated to the development of two-

Ul

dimensio materials for future electronic/optoelectronic devices.*™ Transition metal

N

dichalcog MDs) are a family of layered crystals that are opening the possibility of

d

developing s % s with reduced dimensionality and a range of unique properties.™ The
most ember of this family is molybdenum disulfide (MoS,), which shows

interesti conducting properties”'” that make it a promising candidate for digital

M

electronic circuitry applications. On the downside, the electrical performance of MoS, field-

effect tra

[

FETs) has been limited by the performance of the MoS, junction with the

metal con @ rodes.!"" In particular, due to Fermi level pinning, nearly all metals form a

Schottky bagerupon contact with MoS,, which results in large contact resistances on the

extrinsi

n

) performance of MoS,-based devices.!'"! Additionally, metals do not

t

possess stfticient mechanical bendability for use in flexible structures. Thus, significant

i

research invested in finding a replacement for conventional metal electrodes that

[12-17)]

will allo rication of intrinsically 2D devices with improved device metrics.

A

In this study, we utilize seed-free consecutive CVD processes to synthesize lateral MoS,-

graphene interfaces with large crystal domain sizes and high interface quality. Device-level
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experiments reveal that the extrinsic mobility of MoS,-graphene FETs is improved by an

order of magnitude compared with the MoS;-metal FETs because of energy band

{

rearrangem nd smaller Schottky barrier height at the contacts, especially in the

accumula large positive gate voltages). For direct verification of the device-level

u . . . . .
measuremgnts and to gain more insight into the role of the interface on the overall resistance

of the deyage, N§eclvin probe force microscopy (KPFM) is employed to map the surface

C

potential di ion of a biased MoS,-graphene heterojunction under applied gate potentials.

Low freq noise metrics of the MoS,-graphene FETs are also extensively studied in

S

both subthresholeh and accumulation regions to identify the origins of signal fluctuations in

U

lateral MoS,- hene devices. The results show that the mobility fluctuations are the

[

dominant g the noise in the accumulation region, while the overall noise amplitude is

an order ( '& itude lower than MoS,-metal FETs. Additionally, electrostatic breakdown

d

measu, performed on both MoS,-graphene and MoS;-metal devices to study the

failure mode e devices under high-power operation. To gain insight into the physics of

WA

the observed improvements, the interfacial resistance is modeled using a combination of first-
principles®and structure calculations, followed by calculation of the transmission coefficient
and interf@nductance in the Landauer formalism. Overall, this work establishes the

superlative ronic properties of directly grown MoS,-graphene lateral heterostructures.

2. ; AND DISCUSSION

In our m graphene film with partial (or full) coverage is initially synthesized on a
copper sy, n an atmospheric pressure chemical vapor deposition (AP-CVD) process
and the erred to a silicon (SiO,/Si) substrate, similar to our previous reports.!"*'*) The

samples are t ransferred to another AP-CVD chamber to synthesize MoS; through the

reaction of sulfur and molybdenum trioxide (MoQs3) precursors. Figure la-b shows the
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CVD-grown MoS; triangular single crystalline flakes making a lateral junction with graphene
domains. The polycrystalline MoS, film is also grown next to the graphene flakes by
increasing t 0S, growth time (Figure S1). We note that even without any specific surface
treatment seed promoters), the growth of MoS, is more favorable on a bare oxide
H . _ , .
substrate smpared to graphene films. This observation may be explained by the relative
scarcity OQUOH sites on graphene compared to SiO,. The preferential deposition on

S10, cause rowth of MoS, to stop right at the edge of the graphene film, resulting in a
lateral (inwmterojunction. We note that due to the lattice mismatch between graphene

and MoS,, an ajmically sharp interface is not likely to form, but due to the self-limiting

growth p&position selectivity), the overlapped region remains quite small (2 to 30
nm).2% igmiforce microscopy (AFM) characterization (Figure S2) also shows an

overlappe between MoS, and graphene domains which is smaller than 30 nm over
the entjkg.i length. We also found that a uniform MoS; film can fill arbitrary-shaped
patterns in raphene films and form lateral interfaces (Figure 1c¢). Raman point
spectroscopy on a patterned MoS,-graphene interface shows the characteristic peaks of MoS,
and graph@ne next to the silicon peaks from the substrate (Figure 1d). The inset of Figure 1d

(right) sho@spatial distributions of the graphene and MoS, Raman peaks, which reveal

the formati a lateral interface without a noticeable gap or overlap. The classical least-

square ‘Elg; fitting was used to analyze the obtained hyper-spectra, including the E2g and

Alg peaMoSz (coded as green in Figure 1d) and the G peak of the graphene (coded

as red). i

Next, ated back-gated field-effect transistors (FETs) by patterning metal electrodes
on the graphenc¥ilms rather than on the MoS, channel (Figure 1le-f). Figure S3 shows the

two-probe current-voltage (I4-V4s) measurements at a back gate bias (Vy) of 60 V for

This article is protected by copyright. All rights reserved.
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different temperatures. To compare the linearity of the I4-Vys trends in the MoS,-graphene

and MoS;-metal FETs, the normalized 14-Vgs trends (Y axis: lo/lagvsa=1v) at temperature 270

L

K are show n inset to Figure 1g. Unlike the MoS;-metal device, the MoS;-graphene FET

shows a i jor. The correlation coefficient of the linear regression (Rsquare) in the Iy-

[
Vs 1s alsogealculated for both devices at different temperatures (see Figure 1g). The Rgquare 0f

the MoS,graphgne FET starts from 1 at room temperature and goes to 0.970 at 40 K.

G

However, square Of the MoS,-metal transistor shows greater temperature dependence

S

(0.998 to 9)y The larger non-linearity in the [4-V4s curve of the MoS,-metal device
compared 0 0S;-graphene device — especially at low temperatures — suggests that a

larger Scho ier is present for the metal-contacted MoS, device.

1y

The output characteristics for both devices at different gate biases for different temperatures

are also s

d

Figure S4. Moreover, the electrical transfer characteristics (I-Vy) were
measu itterent temperatures (Figure S5) and a typical n-type semiconducting behavior

was ob or both devices. The 13-V, results at 270 K (Figure 1h) indicate that the current

i

density (IdX%) at V,= 80 V for the MoS;-graphene FET is 20 times higher than the MoS,-

metal FET. s ratio becomes even larger at low temperatures and approaches ~74 times at

Or

40 K (Fig set), which is attributed to a smaller barrier for thermally induced charge

carriers infithe MoS,-graphene in-plane heterostructure. The extrinsic field-effect mobility is

§

also calcudated f@r both structures at room temperature and different back gate voltages

t

(Figure Soapm transistors are completely turned OFF at large negative gate biases and
turned O eshold voltage of 55 V and 40 V with an ON/OFF ratio of 10* and 10° for

MoS;- d MoS,-graphene, respectively. The linear field-effect mobility is calculated as

AU

~11.5 cm*/V.S for MoS,-graphene and ~1.5 cm?*/V.S for MoS,-metal at V=80 V. It should

be noted that the field-effect mobility of the MoS,-metal devices is consistent with the

This article is protected by copyright. All rights reserved.
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previously reported mobility of monolayer CVD MoS, without top-gate dielectrics.!”

However, higher extrinsic mobility values can be achieved by using multilayer MoS,*" or

using hig!- ielectric substrates/overcoats.””) Our temperature-dependent measurements

show that ity of the MoS,-metal FET is reduced by 95% as the temperature is
N E— . o

decreasedgio 40 K, while the MoS,-graphene FET shows almost constant mobility down to

160 K anb%% reduction in the mobility at 40 K (Figure S6b). This temperature

dependenc so demonstrated in the inset of Figure 1h in which the drain current of the

S

MoS,-gra e device reduces by ~4 times, while that of the MoS,-metal device decreases

by ~26 times.

U

To gain b ght concerning the Schottky barrier height, a 2D thermionic model is used

afl)

to analyze the data.'*! Figure S7 shows the logarithmic plots of (I¢/T*%) versus (1000/T) for
the MoS, and MoS,-metal interfaces at different Vg4 and different back gate biases
(SI file on /-9). In Figure S9, a switch in the sign of the slope at V,=~60 V reveals the

absenc chottky barrier for the MoS,-graphene in-plane contact at large gate voltages.

M

Figure 1i further shows the derived Schottky barrier height of both structures at room

[

temperatu fferent applied gate voltages. The Schottky barrier height for the MoS;-

metal st pbout 88 meV at V,= 10 V and decreases to 60 meV for V,= 60 V, while

O

the MoS,- e in-plane heterostructure starts at ~58 meV at V,= 10 V and fades to zero

n

at Vg=

{

We also d Kelvin probe force microscopy (KPFM) experiments to map the surface

U

potential distribution across the MoS;-graphene interface under applied source-drain and gate

voltag is shown in SI file, Figure S10). This technique enables us to spatially map

A

the local potential drops in the MoS;-graphene lateral heterojunction and in the MoS, and

graphene films under device operational conditions to gain insight into their relative

This article is protected by copyright. All rights reserved.
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contributions to the overall resistance of the device. Figure 2a shows the KPFM mapping of
the device at V¢s= 0 V and V= 0 V. We also mapped the change in the surface potential

along the eﬁ' length of the device at Vgs= 1V and at different gate voltages (Figure 1b-c).

As the ga increases from -20 V to +20 V, the potential drop across the interface
decreases Som 455 mV to 201 mV (Figure 1d). This observation implies that the contribution
of the resiuential drop across the interface relative to the total resistance of the device
decreases increases the gate voltage. In other words, the MoS,-graphene contact

resistancengigible contribution to the overall device resistance at larger gate voltages.

Next, a systema; study of 1/f noise was performed in the MoS,-graphene and MoS,-metal

devices iﬂm (pressure < 10™ Torr). Low frequency 1/f noise has the potential to
1

severely limit t i performance of nanoscale materials because 1/f noise increases with

decreasin of carriers (i.e., device size). Recently, it has been shown that metal
contac ay a significant role in 1/f noise in CVD-grown MoS,. Thus, 1/f noise is an
import ric to gauge the quality and viability of lateral graphene-MoS, heterojunctions.

Regardless of the fundamental sources of 1/f noise (i.e., mobility fluctuation versus carrier

number fl ), the noise power spectral density Sy can be described empirically as:

O
L

where Waim current, f'is frequency, A is noise amplitude, and exponents  and y are

AlY

SI:f—ﬂ

expected mse to ideal values of 1 and 2, respectively. Figure 3a shows 1/ dependence
of noise spectral density for a MoS,-graphene device with B =1.02 + 0.002 over four decades
of freq or more thorough analysis, the noise measurement was limited to 1 — 100 Hz

and B was found to be in the range 1.0 = 0.2 for all measured devices. In our tests, S; ~ I

This article is protected by copyright. All rights reserved.
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where vy = 1.6 — 2.1 for all measured devices, confirming that 1/f noise is caused by

fluctuations in the resistance (Figure S11a).

e gate-dependence of 1/f noise characteristics to understand the origins of

the low-ﬂeﬂuencz uctuations and the relative role of contacts in MoS,-graphene and MoS,-
metal dev@ure 3b shows 1/f behavior of a MoS,-graphene device for V, =-40 to 70 V.
Noise spe(ral dasity shows 1/f* behavior (B =0.97 — 1.2) with no clear dependence on V,
over the wm‘ge (see inset of Figure 3c). Transfer characteristics (I4 — V) of this device

show a t voltage Viy, = 40 V (Figure 3c), and thus measurements cover both

accumulation ;Vs V, — Vi) and sub-threshold regions (V < Vg, — Vy,). The noise amplitude A
was extrag'n the plots of I%/S; versus frequency with the V, dependence analyzed in
Figure 3c,d. First, 1/A varies linearly with V, in the accumulation region (Figure 3c), even
though I4 @ super-linear behavior with V, in accumulation. Note that I ~ V" (m =1 —
2) beh rises from reduced screening effect in a two-dimensional material with parabolic

band ¢ and has been described in experimental findings*

and in analytical
calculations.”*! Within Hooge’s mobility fluctuation model, the noise amplitude A is related

to the cahber (N) according to A = ay/N, where ay is Hooge’s parameter and N =
Co/(Vg — the accumulation region, where C, is total gate oxide capacitance and q is

electroxThus, the linear 1/A ~ V, dependence in the accumulation regime in Figure

3c and elation between noise amplitude and current throughout the whole range of
V, sugge ility fluctuation or correlated mobility-number fluctuation as the dominant
source of fluctuations in the accumulation region, in agreement with previous 1/f
noise s onducted on exfoliated MoS, transistors.*® The number fluctuation model

predicts the corf@lation between A and (gn/I)°, where gy, is the transconductance. "% In the

absence of such correlation in these devices, we rule out the number fluctuation model. The

This article is protected by copyright. All rights reserved.
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Hooge parameter for this device was extracted as oy = 0.21, which is comparable to previous

CVD-grown MoS," but larger than high quality exfoliated MoS, by up to 2 orders of

26]

magnitude.. deed, the average Hooge parameter of six measured devices is 0.33 + 0.08.

Now Wg consider the role of contacts in the 1/f noise behavior in graphene-MoS, and metal-
MoS, dev he case of significant Schottky barriers at the contacts, fluctuations in both

channel ré§istanc@ (Rcn) and contact resistance (R.) can contribute to the overall noise in the

transistor. Me normalized noise spectral density can be written as:

S _ S, R? N S, R?,
12 Rcz (Rch + Rc)z Rchz (Rch + Rc)z

where Schnd Sreh are power spectral density originating solely from the contacts and the

channel, rmﬂy. Based on this equation for the number fluctuation model, in the case of
chan

dominant resistance, noise A (and SyI”) would vary as ~Vg2, and in the case of
dominant co esistance, the noise would result in ~V,* dependence in the accumulation
region. Its, A versus V, behavior follows V," (m =1 — 2, see Figure S11b in the SI

file). Notghat a log-log plot of A versus AV, overestimates the exponent m in Figure 3d.
However, versus V,, behavior is starkly different from the ~V,” behavior expected for
32]

dominant resistance that has been seen in previous CVD-grown MoS, transistors.!

Thus, we €an conclude that the MoS,-graphene interface is not the dominant source of 1/f

noise inms.
Now we discuss SDntrol MoS;-metal devices and directly compare the noise metrics between

two kinds ces. Noise spectral density follows I"/f* behavior in all MoS,-metal devices
with expon =1+0.2andy=2= 0.3 (Figure S12a,b). 1/A dependence on V, is also

linear in the accumulation region, suggesting the validity of the mobility fluctuation model

This article is protected by copyright. All rights reserved.
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(Figure S12c). The average Hooge parameter for four measured MoS,-metal devices was
found to be 4.59 + 2.58, an order of magnitude higher than MoS,-graphene devices. Note that

the Hoogﬂof the present MoS;-metal devices is higher than values reported in the

literature own MoS,”¥ However, the present MoS,-graphene and MoS,-metal
devices-u:M_OSz grown under identical conditions and undergo the same processing steps.
Thus, redyged mgise could be correlated to superior contact (as shown by transport and
KPFM exmts) in lateral MoS,-graphene devices. Further evidence of larger current
fluctuations i§ sgén in Figure S12d, which shows a dip in 1/A versus V, behavior for some
MoS;-metal deviges. Such a peak has been seen before in bilayer MoS; and V, M, and A-
shaped nois ndence on carrier density in single- and few-layer graphene.****! Thus, the
dip in l/ﬁ explained within a model that takes into account the van der Waals gap
between Imd traps inside SiO, that results in noise increasing with N at low N and
decreasi i at high N. Overall, the absence of such a dip in MoS,-graphene devices

suggests low order possibly from the contacts.

Finally, we compare the normalized noise amplitude (A ~ 1/N) with the total number of

carriers (ihnel area L x W) for all measured MoS;-graphene and MoS,-metal devices

(Figure 4endence of normalized noise amplitude shows overall decreased noise in
MoS,- guﬂhermore, channel area-scaling results in a tighter distribution of noise
metric »-graphene devices (Figure 4), suggesting MoS,-metal has a larger

e

contributi se from the contacts. Furthermore, the overall V, dependence is more well-
defined ( in MoS;-graphene devices, again corroborating the dominance of channel
resista uations compared to contact resistance fluctuations.

For reliable electronics, it is also critical to achieve mechanically and electrostatically robust

contacts. The present MoS,-graphene devices have essentially a 1D interface between two 2D

This article is protected by copyright. All rights reserved.
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materials. Thus far, electrostatic breakdown of a lateral heterojunction of this type has not
been probed. Figure 5a, b shows current-voltage characteristics of a MoS,-graphene and a
MoS,-meta ice for V4= 75 to -75 V (sweep rate = 1 V/s) under vacuum (pressure < 107
torr). Bo show qualitatively similar behavior of electrostatic breakdown. In
particuﬂr!mrent decreases irreversibly by more than 2 orders of magnitude within 1 V.
Interestin, MoS;-graphene and MoS;-metal devices show comparable maximum
width—nojml drain current (~40 pA/um) just before breakdown, roughly an order of
magnitudw current density than high quality exfoliated monolayer MoS, % The
breakdown fie f the two devices is also comparable (~38 MV/m). Scanning electron

microsco;ﬁ broken devices was conducted to probe morphological evidence of the

failure m t of Figure 5a and b). A significant portion of CVD MoS, was found
missing mdrain contacts in both of the devices. This suggests a similar failure

ctive of metal or lateral graphene contacts. Thus, direct growth of the

MoS,;-graph: eterojunction does not significantly affect the electrostatic breakdown

characteristics of the devices.

To shed I*the origin of the improved electrical performance of the MoS,-graphene
devices, rm bandstructure, band alignment, and transport calculations. The total
resistance f the device between source and drain is comprised of the series resistances

from t grains (R forming source and drain), resistance of MoS, grain (Rys,,

grap’
constitutijannel) and resistances of the interfaces (R;, ) between graphene and MoS,.

We calcu series grain resistances of graphene and MoS, sections from the general

expres D= 0 where p is the resistivity of the material (sheet resistance in this

case) and % is the aspect ratio of the sample. The conductivity (o = %) of graphene and

This article is protected by copyright. All rights reserved.
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MoS, grain is calculated from o = qnpu, where n is the sheet charge density, p is the

carrier mobility (mobility calculation is further elaborated in the Experimental Section).

The calcu @ interface resistance involves four steps: bandstructure calculations for each
graphe@ MSZ from first principles, band alignment at the interface based on the
Schottky-m, calculation of electron transmission across the interface from energy and

momentu‘ cons’vation at the interface, and finally computing the interface resistance in the

Landauer mm.

Density Fgl Theory (DFT) supercell calculations are widely used in the literature for

ructures as well as lateral heterostructures® ="

vertical formed by more
commenmgte materials like hBN-graphene. However, performing extended supercell
calculatio ateral interface formed by highly incommensurate materials such as
graphene-MoS; becomes computationally very expensive> . In this work, we first calculate
the electronic structure of graphene and MoS, individually using first-principles DFT as
imple in the open-source distribution Quantum-Espresso!*” (further details on the
DFT calmgtions are given in the Experimental Section). The calculated band structures and
densities o (DOS) are shown in Figure S13a and b, respectively. Then we align the
bands at t ace using a semi-classical Schottky-Mott rule, where the vacuum levels are
matched !the interface and bands are aligned using their respective electron affinities and
work Weveral papers show that band alignment in 2D lateral heterojunctions
follows th@tky—Mott rule and that the band alignment is relatively insensitive to the
interfacial detailgg when the overall dimensions of the device are much larger than the
charac unctions width*'2*** as is the case in our samples._The difference in work

function (¢) and the electron affinity (y) of graphene and MoS; results in the formation of an

energy barrier (¢p) at the interface. As graphene is essentially metallic, the bands bend only

This article is protected by copyright. All rights reserved.
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on the MoS; side near the interface to account for the energy barrier height. The resulting

band structure alignment at the interface for zero gate voltage is shown in Figure S13. Further

details on he two band structures are aligned at the interface under extrinsic (gated)
condition in Figure S14.
N

On alignimands at the interface, we developed a numerical model to calculate the
transmissi@elcient of electrons over the energy barrier from graphene to MoS,. In our
model, weg both the effect of the potential barrier at the interface and the mismatch in
the electrmd structures of the two materials by simultaneously conserving the energy
as well as the coSponent of the wavevector parallel to the interface. This approach, which is
an extensqthe method originally proposed by Yazyev and Louie!*! for electron

transmission through graphene-graphene grain boundaries, allows us to calculate the

dependenmerfacial resistance between graphene and MoS; on the band alignment

betwee wo domains at the heterojunction. Momentum conservation requires that the

paralle onent of the incident wave vector (K;,) be equal to the parallel component of the
transmitted wave vector (K, ), in their respective domains; simultaneously, energy is
conservedmng a perpendicular component of the transmitted wave vector (K¢ ), within
the first zone of MoS,, such that E;(K;) = E, (K¢, + K¢, ). The mode-dependent

transmissi@n coefficient is then calculated using the perpendicular components of the incident

h

(ki,) aWted (K¢, ) wave vectors using a general expression for wave transmission

3 . . ak; k
between two domains*! are given by (k) = |'*—t*2 , where b represents the electron

ki J_+kt J_l
band. Fi we obtain the energy-resolved values of the transport distribution function
(TDF), 5] from  the transmission  coefficient and  velocity as

26 Vp(E) 'y (E)Dy(E), where Dy (E) represents density of states of b™ band, by averaging

This article is protected by copyright. All rights reserved.
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the product of transmission coefficient t (k) and electron group velocity vy, (K) over the

constant energy contour, 0 (E — Eb(k)), using the 2-dimensional version of the linear

S

extrapolatawach described by Gilat and Raubenheimer'*” and then summing it over all
—

electron b
]

1
= WE T EDE = Y — [ vy =409 6 (8 Ey(10)dk
b
The TDF is used to numerically calculate the interfacial conductance using Landauer
formalism igWerted to obtain the interfacial resistance R;,; as

_ e? Emax of(E — E, T)
Rint. = Gint. = > fE C E (E) <— T) dE,

where Ec ;@ttom of the conduction band, E, ., is the highest electron energy among

the bottoniifo nduction bands and f is the Fermi-Dirac distribution function, f(E) = [1 +

) (EE]A‘
In the ite gate voltage and zero drain bias, the Fermi levels in both graphene and

MoS; awas from the interface shift relative to their position at zero gate voltage in response
to the inducegd charge in the 2-dimensional layers, as shown in Figure 6a. Consequently, the
energy ba oth sides of the interface rearrange themselves to maintain the equilibrium
conditi(ﬂer, the shift in the bands on the two sides is not identical because the two
materials have dgfferent densities of states (DOS, Figure S13 b), leading to an increase in
band ben e MoS, with increasing gate bias. The transmission coefficient of electrons
across the, however, depends on the alignment of energy bands of graphene and

<

be transmitted because there are no available states at the same energy in MoS, as energies

MoS, é erface. For example, states near the Fermi level in graphene cannot typically

near the Fermi level fall inside the bandgap. Increasing the gate bias increases the sheet

This article is protected by copyright. All rights reserved.
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charge density in both graphene and MoS,; in response, the barrier height at the junction of
the two domains decreases with increasing gate voltages (Figure 6a), in agreement with the

electrical ements in Figure 1.

As a result of band rearrangement and barrier lowering, the transmission ['(E) also shows a

El

dependen: te voltages. It can be seen in Figure 6b that with increasing gate voltages,

the trans“@oefﬁcient I' (E) shifts towards the left resulting in larger overlap between

. f . . .
['(E) andmcalled Fermi wmdow(—:—E) , centered at the Fermi level. An increase in
overlap bﬁne transmission I'(E) and the Fermi window corresponds to a reduction in
interfacial

ce. In addition to the reduction in interfacial resistance with gate voltage,

we obtain'@ reduction in the resistance of the MoS, due to the increase in sheet charge density

[}

and mobi gate voltage (conductance calculation described further in Experimental

d

Section). THe S¥ultaneous reduction in interfacial resistance and MoS, resistance with gate

bias leads erall decrease in the total resistance (R;,;), as can be seen in Figure 6¢. We

W

find th: ibution of the interfacial resistance to the total resistance of the combined

MoS,+intgeface+graphene system (R;,;) decreases with increasing gate voltages, starting at

£

around 25% e total in the intrinsic case (zero gate bias), and rapidly dropping below 1%

O

at gate vo 60 V, as shown in the inset of Figure 6¢c, further corroborating the KPFM

measuremgnts at the interface. The agreement between measured and calculated total

g

resista device, mathematically written as Riot = 2ZRgrap + Rmos, + 2Rjn, and

:

shown in Figure@d, indicates that the measured resistances are well reproduced by the model.

U

We also show that at large non-zero gate biases, the interface contributes very little to the

overall ce, leading to Ohmic behavior.

A

3. CONCLUSION
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In conclusion, we report seed-free synthesis of graphene and MoS, lateral heterojunctions
through the CVD method, which exhibit improved electrical performance compared to
convention tal-contact MoS, devices. This method makes in-plane MoS;-graphene
heterostruaising for the large-scale production of electronic and logic circuits from
all-2D Tn mor next generation device applications. Temperature-dependent electrical
characterizatiomgghows Ohmic behavior for the MoS,-graphene FET devices at back-gate
voltages am V, veritfying a high-quality lateral interface between MoS, and graphene.
KPFM re algp visualize the reduction of the MoS,-graphene in-plane junction resistance

at positive gafavoltages. We further present the first study of 1/f noise in 2D lateral

heterojuncti tronic circuits. MoS,-graphene devices show up to an order of magnitude
lower noi

litude in comparison to MoS;-metal devices fabricated under similar
conditionmematic study of 1/f noise by varying gate bias and area-scaling revealed the

domin. f noise as mobility fluctuations in the accumulation region. We also

conducted t t electrostatic breakdown study of lateral MoS,-graphene heterojunctions.
In this case, MoS,-graphene and MoS,-metal devices showed comparable current density,
breakdowfl| fields, and similar failure modes through microscopic visualization. Our
numerical@tions reveal that both the barrier at the interface as well as the resulting
interfacial reStStance decrease as sheet charge is increased in response to the external gate
VoltageI &;hin; the KPFM results. At gate voltages above 60 V, the interface contributes
less thaHhe overall device resistance despite the appreciable electron mobility in

MoS,, resulting is the observed linear (Ohmic) behavior.

4. IMENTAL SECTION

Graphene gr. procedure: The Three-Zone MTI CVD furnace!*” is used for graphene
growth. The partially and fully covered graphene films are grown on the copper substrate
(Alfa Aesar, product no. 46365) by using atmospheric pressure CVD growth process. The
copper substrate is immersed inside of the hydrochloric acid for 15 minutes to remove the
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local surface oxides and then rinsed with acetone and isopropanol. Next, the copper substrate
was placed inside of the CVD furnace and then the chamber was evacuated to the 1 mTorr
vacuum ﬂiessura to remove the unwanted gasses. The chamber was then restored to

atmosp ure by filling it with 5% hydrogen diluted in argon gas. The growth
procedure of three main steps. The first step was annealing, in which the maximum
temperatu nace is set to 1050 °C and the annealing time was 1 hour for the growth

of bothiaaWd fully covered graphene films. In the second step, The furnace was filled
with 20 p.@.m methane gas and the growth time was 60 minutes for partial coverage graphene
and 90 ml r full coverage graphene film. The third step was cooling in which the
furnace isgoolc@down to room temperature by force cooling and the methane gas also was
stopped fr: ing into the furnace.

Growth cess of CVD MoS, on graphene/SiOy/Silicon substrate: The oxygen plasma
treatment rmed on SiO,/Silicon substrate for two minutes to make the substrate
hydrophil /& helps with the transfer of the graphene film and the growth of MoS; on the
substrate. Eransferring the partial coverage graphene film onto the SiO,/Silicon
substrate, thi ::fitrate is annealed at 400 °C for 8 hours. The 5% diluted hydrogen in argon
gas was al§o continuously supplied during the annealing process to remove the residue of the

transfer p MThen, the substrate is placed inside of the MoS, CVD chamber together with
2 milligr olybdenum trioxides and 1 gram of sulfur as precursors for the MoS,
growth. The ber temperature increased to 550 °C in 30 minutes and then it was
increased to 850 °C in 60 minutes. The growth time was 10 minutes and then furnace was
cooled to the room temperature by natural cooling. It is worth mentioning that
increasing t of the MoS, growth or the amount of the MoO; powder will result in the
growt , film on top of the graphene film.[*”!

Fabrication of the MoS>-graphene field effect transistors (FETs): After the graphene film
was trans to the SiO, substrate, it was patterned into rectangles by a photolithography
process followed by oxygen plasma etching. Next, MoS,-graphene heterostructure was
synthesize @ e metal electrodes were patterned on the MoS,-graphene FETs and on the
MoS, FE an electron beam lithography method. Finally, 10 nm Titanium and 60 nm
Gold med on the devices by an electron beam evaporation process.

KPFM® experiments were carried out with a Dimension ICON system (Bruker,
CA) in Hnditions. PFQNE-AL cantilevers (Bruker, CA) were selected for improved
enmin surface potential measurements. The nominal spring constant is 0.8 N/m

and the resonant frequency is 300 kHz. Two-pass technique (also known as ‘lift mode’) was
experiments. During scanning, the sample was grounded, while a bias

¢ was applied to the AFM cantilever, where the Vp. and V. are the DC and
, respectively. The frequency of V- was chosen at the resonant frequency of
the cantilever.“®he AFM controller nulled the cantilever amplitude due to periodic
electrostatic force by adjusting Vp. If the work function of the cantilever tip ®;, is known,

then the sample work function ®; can be given as &5 = @y, — eVpe. Py and Vpe are
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opposite in sign, so the work function @ has inverse contrast with KPFM mapping. All AFM
data were analyzed with Nanoscope Analysis software (Bruker, CA).

f noiMzkdown measurements: All 1/f noise and breakdown measurements were

ger vacuum (pressure ~10° torr) using a LakeShore CRX 4K probe station. The
current fl @ s were amplified with a low-noise voltage amplifier (DL Instruments 1212)
density was captured with a spectrum analyzer (Stanford Research
SR780FIM1 gate voltage were controlled by Keithley Instruments 2400 source-meters
and hom abView programs. Power spectral density in devices powered by stand-
alone battgmes mand source-meters was found to be comparable, thus confirming that the
measurerr@ratus does not contribute to the measured noise.

Raman The Swift mode Raman mapping with a 500 nm scanning step size is
perform different ranges with the total number of 1824 collected spectrums The
ﬁrst rang m 100 cm™ to 900 cm™ and the second one was from 800 cm™ to 1700 cm™
! The classical let-square (CLS) fitting was used to analyze the Raman data, which includes
the E? ¢ an eaks of the MoS, and the G peak of the graphene.
Density @al theory calculation of the electronic structures: We performed self-
consistent” Density Functional Theory (DFT) calculations with the open-source software
Quantum- (www.quantum-espresso.org). For graphene, we used a scalar relativistic,
norm-con seudopotential (NCPP) which uses a direct-fit Von Barth-Car method with
a Per (LDA) exchange-correlation functional. For MoS, we used a non-
relativisti for Mo and a scalar relativistic NCPP for S. Both potentials employed a
Martins-T method with a Perdew-Wang (LDA) exchange-correlation. The lattice
consta M59 A for graphene and a=3.125 A, z=3.11 A for MoS,, where z is the S-S

distance. The band structures produced by these parameters can be found in Figure S13. To
capture th@fmonolayer band structure, planes of single-layer graphene or tri-layered MoS, are

separated A vacuum. The cutoff energy for plane waves was 120 Ry for graphene
and 140 R "0S,. We used a convergence threshold of 10 on a Monkhorst-Pack grid
sizes of 8 %8 for graphene and 6 x 6 x 4 for MoS, for the initial total energy calculation
and then ed a bands calculation on a dense grid of 126,040 k-points with a
convergeri€e threshold of 107%. We use the central difference method to obtain the band
velocit which in turn is used to determine the electronic DOS and other transport

propert“g interfacial transmission and resistance of the interface.

Mobility calcuzau' n in MoS,: The carrier mobility in graphene, which depends on its carrier

concentrati aken from the work by Dorgan et al.l**! In addition to intrinsic phonon-
limited carrj bility in MoS, (ppp~ 410 cm?/V-si*)), the mobility is also influenced by
factors rged impurities, surface optical (SO) phonons and other short range scattering
mechanisms. ever, it has been reported that the electron mobility in MoS, is largely

affected by the charged-impurity (CI) scattering.”* % An empirical expression for CI-limited
mobility for MoS, has been adopted and modified from the work by Ma and Jena and is
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. . 1.2
given as: gy & LZ(A(E) + (M) ), where A(€)=0.036 is a fitting

Njmp/1011 cm™ 1013 cm~2
constant dependin:g on the dielectric constant of SiO; (oxide layer), Coxige 1S the capacitance

per uni he gate oxide, and nyn;, is the charged-impurity density. The impurity

density e et charge density (n¢ = Coxige Vg + Nimp) at zero gate voltage. We use an
impurity ion of 5.5 x 10! ¢m™2, which is found by fitting the finite resistance at
zero gake Moltage, obtained from experimentally measured I;—Vps data. In the presence of

multiple {@attering mechanisms, the mobility of the free carriers can be represented by

Matthiessen.s
mobility

. -1 .
e and is given as: Myos, = (Mpn ™'+ Mot + Msr ™) . Where pgg is the

rt range effects.l!]
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Figure 1: erlzatlon of the MoS,-graphene in-plane heterostructure. (a) Optical image
of the par covered MoS; triangular flakes next to the graphene flakes (scale bar 10 um).
(b) SEM 1mage of the MoS,-graphene in-plane heterostructure from the selected area in (a)
(scale ba . (¢) SEM image of a large scale patterned MoS,-graphene in-plane
heterostru ale bar 10 um) the inset magnifies the same image (Scale bar in inset 2
um). ( entative Raman point spectra from the MoS,-graphene interface area. The
inset show | image and Raman mapping of a patterned MoS,-graphene heterostructure.

The sc
respect

1s 2 um. (e-f) SEM images of the MoS,-graphene and MoS,-metal FETs,
bars 2 um and 1 pum, respectively). (g) The linear regression (Rsquare) of
the I4-Vgq at dlfferent temperatures for the MoS,- graphene and MoSz-metal F ETs (The inset

Iyat Vi=1V). (h) 1¢-V, characteristics of the MoS,-graphene and MoS,-metal FETs at 270 K
the drain current at V=80V with respect to temperature). (i) Extracted

MoSz-grd MoS,-metal FETs.
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Figure Z:mmeasurements. (a) KPFM mapping of the MoS,-graphene transistor with
Vgate =0 sa = 0V. The interface between graphene and MoS; is highlighted with
yellow (scale bar 2 um). (b) KPFM mapping of the interface area from a selected
region show a) by keeping Vyg; = 1V and changing Vg4 from —20V to +20V with
10V i ents (Scale bar 2 pum). The dashed lines show the interface area. (c)

Corresponding surface potential profiles across the interface area. (d) The potential drop at
the interface area as a function of the applied gate voltages.
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Figure noise measurements of MoS,-graphene and MoS;-metal FETs. (a) Noise

spectral densi 1) as a function of frequency for a MoS;-graphene FET at V', =60 V and Vy4
=4V behavior with B = 1.02 &+ 0.002. The black line shows ideal 1/f behavior.
(b) Siversus frequency of the device at V, varying from -40 V to 70 V at V3=2 V. (c) Inverse
of noise amplitude (1/A) versus V, compared with transfer characteristics (device current (/g)
versus Vghe data in (c). The inset shows P as a function of V,. (d) Log-Log plot of A
and 1/14 veg « (= Vg +41) where V, 1s ranging from -40 to 70 V. Black and red dashed
i ng dependence for purely channel and purely contact effects on 1/f noise,
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Figure 6: DFT calculations. (a) Variation in interfacial Schottky potential barrier height —
from graphene to MoS, (¢p) and from MoS, to graphene (@interface) — With gate voltage
(V). (b) Resultigg shift in transmission coefficient with gate voltage, such that with the
increaser part of ['(E) overlaps with the Fermi window (shown by the grey area
in the ploin increased conductance. (¢) Interfacial resistance (R;, ) and the total
resistance iRyg oth measured (red line with red markers) and calculated (black line with
black mmankemsymss- against gate voltage. The inset shows the percentage contribution of
interfacial§esistance (R;,; ) towards the total resistance (R;,;) of the device at different gate
voltages, 1, gopd agreement with KPFM measurements. (d) Drain current (Ip) vs. drain-

source voltage (W)s) calculated both experimentally and by numerical simulation showing
good agree etween numerical and experimental results.
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This pa rts extensive electrical characterization of lateral MoS,-Graphene

U

heterojunction thesized through seed-free consecutive chemical vapor deposition (CVD)

processes. ice-level experiments, Kelvin probe force microscopy (KPFM)

1

characterizati and theoretical modeling show that the MoS,-graphene field-effect

transistors, exhibit an order of magnitude higher mobility and lower noise metrics

compared Wi 0S,-metal devices as a result of energy band rearrangement and smaller

d

Schott

height at the contacts. Overall, this work establishes the superlative

electronic propciies of directly grown MoS,-graphene lateral heterostructures.
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