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Supplementary Figure 1. Characterization of MOCVD grown monolayer WS, and MoS,. AFM of scratch and
height profile across the scratch along the red line for (a) MoS; and (b) WS,. Raman spectrum with the
characteristic peaks for ¢c) MoS, with E,g at 386.6 cm™" and A at 403.5 cm™" and d) WS, with E,g at 357 cm ™",
Ajgat 417.1 cm~1and 2LA(M) at 352.5 cm™1. PL spectrum for €) MoS; and f) WS, showing the characteristic

monolayer response with peaks at 1.85 eV and 1.97 eV, respectively.
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Supplementary Figure 2. Threshold voltage extraction, channel length dependence, and device to device variation.
Threshold voltage extraction using a) linear extrapolation (Vy,; ), b) Y-function (V;,), and ¢) constant-current

method (Vi ). The median values for Vy, , Vi, and V;  verses channel length (Lcy) showing no scaling effects

for d) MoS; and e) WS,. Histograms showing the variation in V. , Vi, and V;__ across all measured devices for
f) MoS; and g) WS, FETs for different channel lengths.



Supplementary Note 1

In 2D FET literature, threshold voltage is extracted using various methods such as linear

extrapolation (Vi ), Y-function (V,,), and constant-current method (Vi ) as shown in

Supplementary Fig. 2a-c. Linear extrapolation is the most common among these techniques.
However, poor ON-state performance, presence of SB at the metal/semiconductor interface, and
contact-gating effect in a back-gated geometry can limit the use of linear extrapolation. Y-function
method is more appropriate for contact dominated FETs. Finally, constant current method is
simply another threshold voltage extraction technique, which is discussed for completeness.

Clearly none of the extracted threshold voltages, Vy,, , Vi, and Vi show any channel length (Lcy)

dependence as evident from Supplementary Fig. 2d and 2e for MoS> and WS, respectively.
Supplementary Fig. 2f and 2g show the distributions of Vy, , V¢, and V;__ for all measured MoS:

and WS; FETs, respectively. For MoS: FETs, the distributions of Vi, and Vi, are very similar
with median values of 2.9 V and 2.5 V, respectively. However, V;__results in lower median value

of 1.5 V for MoS,, as the extraction is done at a constant current of 100 nA4/um, which is lower

than the current at V. and V. A similar trend is observed for WS,, where both V;, and V. have
median values of 6.5 V and 6.4 V, while V;__ has a median value of 5.9 V. The corresponding
standard deviations were found to be 0.8 V for Vy. , Vi, and V;__ for MoS; and 0.8 V, 0.7 V, and
0.6 V, respectively, for V. , Vi, and V;_, in case of WS2. Supplementary Table 1 summarize the

statistics of V. , Vi, and Vy

Supplementary Table 1

Device-to-device variation in threshold voltage
MOSz WSZ
Median, Mean + SD Min, Max Median, Mean + SD Min, Max
Viee V) 1.5,1.7+£0.8 -0.5,5.3 59,5.8+0.6 42,73
Vey (V) 2.9,2.8+0.8 0.1,5.3 6.5,6.5+0.7 42,78
Ve (V) 25,29+038 0.1, 4.5 6.4,6.5%0.8 45,8




Supplementary Note 2

It is important to discuss the possible origin of the variation seen in the electrical characteristics of
monolayer MoS> and WS, FETs. Low device-to-device variation in MoS> and WS> FETs is
attributed to the MOCVD growth of single-crystalline and epitaxial monolayers on the sapphire
substrates. This is confirmed by in-plane XRD phi-scans in Fig. le and 1f, for MoS; and WS,
respectively, which show six-fold rotational symmetry and epitaxial alignment of the monolayer
with the underlying sapphire. If the films were polycrystalline with a high degree of misorientation
within the plane of the film, then we would expect to see multiple peaks at different angles in the
in-plane XRD scan. These films were also transferred to a Quantifoil Cu grid to investigate the
microstructure in TEM by using selected area diffraction pattern (SAED) and dark field imaging.

As shown in detailed materials characterization of these films (https://www.mri.psu.edu/2d-

crystal-consortium/user-facilities/thin-films/list-thin-film-samples-available)  the  respective

SAED patterns show a single crystalline pattern, while composite dark field maps illuminate two
contrasting regions in the monolayer films. For MoS: these regions correspond to anti-phase
domains. For WS> however, the regions are unidirectional and are separated by translational
boundaries. We believe that it is possible to reduce the spatial variations in 2D FETs through
further optimization of growth and improvement in fabrication process flow, which is unlikely for
UTB Si owing to significant thickness variations at length scales similar to monolayer MoS> and
WS,. In addition, random dopant fluctuations and detrimental quantum confinement effects
leading to increase in the bandgap of ultra-thin Si open up opportunities for 2D materials for

advanced scaling nodes.


https://www.mri.psu.edu/2d-crystal-consortium/user-facilities/thin-films/list-thin-film-samples-available
https://www.mri.psu.edu/2d-crystal-consortium/user-facilities/thin-films/list-thin-film-samples-available
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Supplementary Figure 3. Channel length dependence and device to device variation in subthreshold slope. The
median subthreshold slope extracted over 1 (SS;), 2 (SS;), 3 (SS3), and 4 (SS,) orders of magnitude change in the
drain current for a) MoS; and b) WS, as a function of Lcy. No Lcy dependence is observed. Histograms showing
the device-to-device variation in SS; and SS, across all ¢) MoS, and d) WS, FETs.

Supplementary Table 2
Device-to-device variation in subthreshold slope and interface traps
MoS; WS,

Median, Mean + SD Min, Max Median, Mean £+ SD Min, Max

SS; (mV.dec™1) 327,335+ 115 93, 729 438, 443 + 66 296, 596

SS, (mV.dec™) 335,344 £ 109 103, 740 449, 453 + 56 305,618

SS; (mV.dec™™) 369,386t 116 124, 791 480,483 +£45 369, 621

SS, (mV.dec™™) 432,460 + 138 166, 1000 541,546 £ 42 453,738

Dyr (102 eV~1cm™2) 6.2,6.6+23 1.75,15.7 8,8.1+0.7 6.5,11.2
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Supplementary Figure 4. Channel length dependence of maximum, minimum, and ratio of maximum to minimum
current. Distribution of maximum current (I;;,,x) and minimum current (I,;,) for different channel lengths for a)
MoS; and b) WS, FETs, extracted from the transfer characteristics. Median, 25" percentile and 75% percentile is
denoted. Distribution of ratio of maximum to minimum current ratio (I;yax/Imin) for different L¢y for ¢) MoS, and
d) WS, FETS. I pax/Imin is mostly found to be independent of Lqy for both MoS, and WS, FETs. Note that I,
demonstrates some Lcy dependence for longer channel devices with L¢y = 1 pm for MoS; and WS; FETs due to
the linear scaling law but can be ignored for I,y /Iinin Which is measured in orders of magnitude.

Supplementary Table 3

Device-to-device variation in Ipax/Imin

MoS; WS,
Median, Mean + SD Min, Max Median, Mean + SD Min, Max
Imax/Imin (< 107) 2.1,34+55 6.2 x 1073, 52 2.1,27+2.6 0.1, 19




Supplementary Table 4

Benchmarking median 1,54/ Imin for Lcyg = 100 nm
Imax/Imin EOT (nm) Vs Range Q) SVis,range Q)
at SEOT = 0.9 nm

[1] - MoS, ~7 x 106 1.9 1.5 t0 -0.5 (2) 0.94

[1] - MoS, =4 x 10° 50 - -
Our Work - MoS, 3.5 x 107 22 14 to -3 (17) 0.65
Our Work - WS, 3.9 x 107 22 12to -5 (17) 0.65
[2] - UTB SOI 1.3 x 106 4 1.8t0-0.2 (2) 0.45

Supplementary Note 3

Mobility from peak Transconductance: The field-effect electron mobility is extracted from the

transconductance (g,) using Supplementary Equation (S1).

dl L
Hy, = DS( CH ) (51)
™ dVgs \W CoxVps

Y-function mobility: The linear part of Y-function, given by Supplementary Equation (S2) is

extrapolated to obtain Y-function threshold. uy is extracted using the slope of Y-function versus
Ves — Vi,

Ips

VIm

TLM mobility: TLM mobility (ut1.Mm) 1s obtained from the slope of the total resistance (Rt) versus

Y = = (uyWCoxVps)®* (Vas — Vi) (52)

Lcy using Supplementary Equation (S3).

Ley Lew  Cox(Vgs — Vi)

= ; (§3)
trimCox(Vas — Vi) qMsbrim > q

RT S ZRC + Rch; Rch =
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Supplementary Figure 5. Device-to-device variation in Y-function mobility and TLM mobility. The distribution
of Y-function mobility (uy) for different channel lengths (Lcy) for a) MoS, and b) WS, FETs. Median, 25%
percentile and 75" percentile is denoted. The distribution of the TLM mobility (um) for ¢) MoS; and d) WS;

Supplementary Table 5
Device-to-device variation in field-effect carrier mobility
Hg,, (cm? V~1s™1) Uy (cm? V=-1s™h)
MoS:2 WSz MoS:2 WSz
Lcy(um) Median, Min, Median, Min, Median, Min, Median, Min,
Mean + SD Max Mean + SD Max Mean + SD Max Mean + SD Max
0.1 4,4+1 1,5 3,3+1 2,5 5,4+2 0.1,6 2,2+0.6 09,3
0.2 7,7+3 0.3, 11 4,4+2 1,8 8,73 0.3, 11 3,322 0.6, 6
0.3 10,9 +4 0.3, 15 7,73 3,11 11,10+ 5 0.3,18 5,62 2,10
0.4 11,9+4 0.7, 15 9,7+£3 2,11 12,10+ 5 0.6, 16 7,7+2 2,10
0.5 12,115 0.2, 18 9,943 1,12 13,12+6 0.3,22 8,83 1,13




1 15,14 %5 2,23 10,10£5 | 2,19 | 17,14=7 | 06,25 | 10,115 | 3,18

2 19,18 %7 3,26 12,12+6 | 2,24 | 21,188 | 2,29 13,137 | 2,25

3 18,204 | 13,27 | 18,19+7 | 829 | 21,187 | 2,28 16,178 | 4,30

4 23,234 | 17,28 | 21,20x6 | 12,30 | 23,22+6 | 2,29 | 20,20=7 | 10,30

5 24,243 | 17,30 | 29,24x9 | 12,33 | 23,22+5 | 11,31 | 23,22:9 | 11,32
Supplementary Note 4

We have evaluated ng by considering the effect of C;r. After evaluating C;r from the subthreshold

slope, Supplementary Equation (S4) was used to evaluate ng in the ON-state.

_Cox (Gir + Cs) | _ q° ng
Cox+ Cir+ Cs~ 57 kgT

ng = Il (Ves = Vi) Ca ($4)

Here, Cj; is the total gate capacitance. ng = 103 cm™2 for MoS: and ng = 4.4 x 10'2 cm™2 for WS>
used in the main text corresponds to Cg of 6.13 x 107! F.m™2 and 2.7 x 10"! F.m™2 respectively.
Maximum Cjr is found to be 2.5 x 102 F.m™2 and 1.7 x 102 F.m™2 for MoS, and WS,
respectively and Cox = 1.6 x 10 F.m™2. Hence, in the ON-state Cg > C;p as well as Cg > Cox,
resulting in Cg = Cpy, simplifying Supplementary Equation (S4) into Supplementary Equation
(S5).
Cox

ng = 7 (Vas — Vi) ($5)
To obtain a constant ng, a constant overdrive voltage (VGS — Vt“n) is ensured by extracting the

Vi and then estimating the required Vg for every device. Igy is extracted from the output

lin

2 and

characteristics with a Vg step size of 2 V, and the median error in ng is 0.11x10'2 cm™
0.03x10'> cm™2 for MoS> and WS, FETs, respectively. ng is also found for the analysis of R.. R,
is extracted from the transfer characteristics with a Vg step size of 85 mV/, and median error in ng

is 0.003 and 0.004x10'? cm™2 for MoS; and WS, FETs, respectively.

10



Supplementary Table 6

Device-to-device variation in TLM mobility

MoS, WS,
Median, Mean + SD Min, Max Median, Mean + Min, Max
SD
prim(em? vis™1) 27.3,27.7+5.5 21.1,46.5 16.2,17.9+9.7 2,33.3
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Supplementary Figure 6. Channel length dependence of drive current. Distribution of Igy as a function of channel
length (Lcy) for a) MoS; and b) WS, FETs for Vg of 1 V, and for ¢) MoS; and d) WS, FETs for Vpg of 5 V. Note
that the distribution is plotted as a function of 1/L¢y. Median, 25" percentile and 75" percentile is denoted.
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Supplementary Table 7

Device-to-device variation in the drive current

Ion(A.ym™") at Vpg = 1V

Ion(A.ym™") at Vpg =5V

MoS» WS, MoS; WS,

Lcy (um) Median, Min, Max Median, Min, Median, Min, Median, Min,
Mean + SD Mean + SD Max Mean + SD Max Mean + SD Max

0.1 54,52 +13 14,73 17,18 +5 10, 26 146, 141 +32 42,177 30,34+ 10 25,53
0.2 46,41+ 18 2,68 11,13 £8 3,27 126, 109 + 47 9, 180 20,25+ 14 7,50
0.3 41,38+ 14 1,57 14,156 6,24 126, 116 +38 6, 144 28,30+ 13 9,51
0.4 36,31+ 14 2,50 15,145 2,20 110, 104 + 41 7,155 30,31+9 10, 49
0.5 35,32+12 1,48 12,12+4 3,19 121,110 £ 37 4,146 30,2810 12,46
1 25,24+38 2,35 8,8+3 2,13 99,92 +29 11,125 26,25+ 8 7,35
2 17,16 £5 2,21 5,4+2 1,8 70, 64 £ 20 9,82 20,18 +7 3,26
3 12,11 +4 1,14 4,4+1 1,6 49,45+ 15 5, 60 15,154 7,20
4 10,9+2 1,11 3,3+1 2,4 40,37+8 8,46 12,1243 6,16
5 8,7+2 2,10 3,3+1 1,4 32,31+7 8,39 10,10+3 5,15

12



Supplementary Table 8

Benchmarking of scaling impact on MoS> FETs

(parentheses show the number of devices used for the study)

tg, (cm?V~ts™h)

Ion(pA. pm~1)

Our work

(3]

[4]

Our work

(3]

Lcu Median, Mean + Median, Mean + Median, Mean + Median, Mean + Median, Mean +
(um) SD SD SD SD SD
0.1 3.6,4+1(17) 3,27+0.9(17) 100, 99 +23 (17) 39.6,36.7+14.2
a7
0.2 7.2,6.6 3.1 (22) 5,4.6+1.724) 87, 78+ 33 (22) 28.4,27.1+12.2
(24)
0.3 9.5,8.9+3.7(22) 79,72 £25 (23)
0.4 11.3,9.1+4.3 (23) 69, 59 £26 (23)
0.5 11.7,10.8 £5.1 9.2,8.5+3(27) 66, 62 £22 (23) 25.1,22.3£10(27)
(23)
1 147,142 +54 11.1,105+34 49,46 £ 15 (23) 12.1,12.9+£5(27)
21 27
2 193,17.8+7.3 32,30+10(22)
(21)
3 17.8,20.1 £4 (15) 23,21 +£7(19)
4 22.5,23.1+£3.6 Nil, 34.2+3.6 19, 17 £4 (20)
(19) (200)
LCH =4-8.6 um
5 239,242 +3.1 15,14 £3 (19)
a7

13
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Supplementary Figure 7. Benchmarking scaling of MoS, FETs. Channel length dependent statistics with literature
for a) field-effect mobility and b) drive current for synthetic monolayer MoS; FETs. Using error bar plots, mean

and standard deviation is shown.

Supplementary Table 9
Device-to-device variation in saturation velocity
MoS; WS,
Median, Mean + SD Min, Max Median, Mean + SD Min, Max
vsar (cm.sec™1) (10°) 64,5925 02,11.2 4,41£15 1,6.9
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