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S1. Characterisation of untreated 1L MoS:
We verify the single-layer nature of the as-received chemical vapour deposited (CVD)-
monolayer molybdenum disulfide (1L MoS>) films via atomic force microscopy (AFM) and

Raman spectroscopy.
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Figure S1: AFM images, line profiles, and maps of the Raman peak separation measured from each
untreated 1L MoS: film used in this study. In each AFM image, the red arrow indicates the line from

which the profile was extracted.

Figure S1 presents low-magnification topographic AFM images and maps of the Raman peak
separation measured from each CVD-1L MoS; film used in this study prior to any dielectric
growth. We trace height profiles across the MoS» films and their boundaries with the silicon
dioxide/silicon (S102/Si1) substrate. Any surface contaminant features of significant height are
excluded from the step height estimation, and we obtain step heights of ~0.7 nm in each case,
in excellent agreement with the expected thickness of CVD-1L MoS>.!® The spatially-resolved
Raman mapping data further to confirm the single-layer nature of the MoS; films. 1L MoS:

exhibits a distinct Raman signature comprising two characteristic modes: an in-plane E'5,



vibration at ~384 cm ! and an out-of-plane 4, feature at ~403 cm '.* The separation between

these two peaks serves as a robust indicator of monolayer thickness, typically ~18-22 cm™.>©

S2. Further AFM images of ALD-Al2O3 and -HfO: films

25 cycles 50 cycles 100 cycles 150 cycles 200 cycles

Figure S2: Three-dimensional (3D) atomic force microscopy (AFM) images of the atomic layer
deposited (ALD)-aluminium oxide (A1:03) and -hafnium dioxide (HfO>) films deposited on monolayer
molybdenum disulfide (1L MoS;) at different numbers of ALD cycles as shown in Figures 1 and 2 in the
main text. The general shapes of the islands in each dielectric film are also indicated: cylindrical with

a hemisphere on top for Al:Oz and conical for HfO:.

S3. Evaluation of island height in ALD-AI2O3 film grown after 200 cycles
Height (nm)

“  a N
o o O

Height (nm)

[$)]

% 20 40 60 80 100

Position along line (nm)

Figure S3: Line profiles from AFM traced across isolated Al;Os islands from two regions of the
1L MoS, sample subjected to 200 cycles of ALD-Al;Os. These areas are close to edges of the MoS: film,
where adjacent regions of the underlying silicon dioxide/silicon (SiO./Si) substrate experience uniform

growth of Al,Os. The average height of the Al;Os islands on MoS: is determined to be ~20.3 £ 0.2 nm.



S4. Estimation of ALD-HfO: thickness on 1L. MoS:2

To estimate the thickness of significantly coalesced ALD-HfO> films on 1L MoS;, we utilise
companion MoS,-free SiO»/Si samples. At each number of ALD cycles of HfO», a companion
S10,/Si wafer was placed in the ALD chamber alongside the 1L MoS» sample, and both were
simultaneously subjected to the identical growth recipe. The initial thickness of SiO; on the
companion SiO2/Si wafers was ~300 nm. Immediately before undergoing ALD, each
companion Si02/Si wafer was briefly immersed in ~2-3% hydrofluoric acid (HF) for ~1 min,
removing the top few nm of thermal oxide and reducing the SiO» thickness to be comparable
to the ~285 nm-thick SiO> that supports the CVD-1L MoS: films. Following ALD, spectral
reflectivity was used to evaluate the thickness of ALD-HfO, on each companion SiO»/Si wafer,
as detailed in the Experimental section in the main text. The thickness of HfO> deposited on
the uncovered regions of the SiO»/Si substrate on each 1L MoS; sample, dsub, was then assumed
to be equal to the thickness measured on the corresponding companion wafer. Following low-
magnification AFM imaging of each 1L MoS; sample after ALD of HfO,, we traced line
profiles across the boundary between HfO2/MoS; and HfO,/Si0/Si regions to obtain a step
height, H. At 50 and 100 ALD cycles, the HfO2 on 1L MoS; was found to be thicker than on
the surrounding S102/Si regions, while at 150 and 200 ALD cycles, the thickness of HfO, was
greater on Si02/Si. The expected thickness of such CVD-grown 1L MoS», D, is ~0.7 nm,”®
and we confirm this is true of our untreated 1L MoS, samples by extracting line profile

information from the AFM. We then infer the thickness in nm of HfO, on 1L MoS,, diL, via:
diy, =dsyp—D —H (S1)

The parameters in Equation S1 are defined schematically in Figure S4a, and the values obtained
at each number of ALD cycles studied here are given in Table S1. To obtain H, the relative
height of HfO; on 1L MoS; extracted from the line profile was averaged across the varying
islands. Figure S4b presents the thickness of HfO> measured on the companion Si02/Si wafers
at each ALD cycle number. Low-magnification AFM images before and after ALD of HfO, at
50 to 200 cycles are displayed in Figure S5, with representative line profiles indicated. For
each number of ALD cycles, at least three different line profiles were traced across the

1L MoS> sample, with an average of the corresponding step heights calculated.
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Figure S4: (a) Schematic representation of the thicknesses used to infer the thickness of HfO: on
1L MoS:. This image is not drawn to scale. Note that the step height, H, depicted here is positive but at
50 cycles and 100 cycles, the ALD-HfO; on 1L MoS:> was thicker than on SiOJ/Si, giving negative values
of H. (b) HfO: film thickness determined via spectral reflectivity as a function of the number of ALD
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cycles. The gradient of a linear line of best fit is taken to be the growth per cycle (GPC).

Table S1: Summary of the parameters used to infer the thickness of ALD-HfO, grown on 1L MoS; at

each number of ALD cycles.

EE]‘)“E;I‘; 2 deub (N) D (nm) H (nm) d\L (nm)
50 194+07 0.70 £ 0.05 3.51+0.28 2219+0.72
100 283+2.9 0.70 = 0.08 3.10+0.21 30.65 +2.95
150 381+ 1.1 0.70 £ 0.07 0.94 +0.67 36.47 + 1.30
200 442+15 0.70 £ 0.07 0.82 4 0.32 42.70 + 1.50
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Figure S5: Low magnification AFM images of the surface of each 1L MoS: sample before (first column)
and after (third column) ALD of HfO. at (a) 50 cycles, (b) 100 cycles, (c) 150 cycles, and
(d) 200 cycles. For each AFM image, a representative line profile is shown and is plotted to the right
of the image. For verification of the CVD-1L MoS: thickness, any surface contaminant features of

significant height were excluded from the estimation.



SS. PL mapping data
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Figure §6: Maps of maximum absolute PL intensity, peak PL energy and FWHM of the PL signal
emitted from 1L MoS> before and after ALD of Al;O;3 at cycle numbers (a) 25, (b) 50, (¢) 100, (d) 150,
and (e) 200. The black areas represent the silicon dioxide/silicon (SiO./S;) substrate where no MoS; PL

signal is detected.



(a) 25 cycles
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Figure S§7: Maps of maximum absolute PL intensity, peak PL energy and FWHM of the PL signal
emitted from 1L MoS: before and after ALD of HfO: at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150,
and (e) 200. The black areas represent the SiOJ/S; substrate where no MoS: PL signal is detected.



S6. Deconvolution of single-spot PL spectra
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Figure S8: Multipeak deconvolution of the PL spectrum obtained from 1L MoS: before (top) and after
(bottom) ALD of Al;O; at different cycle numbers. The cumulative fit, and contributions of the A", A,

and B peaks are given in red, green, orange, and blue, respectively.
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Figure §9: Multipeak deconvolution of the PL spectrum obtained from 1L MoS: before (top) and after
(bottom) ALD of HfO: at different cycle numbers. The cumulative fit, and contributions of the 4", A,

and B peaks are given in red, green, orange, and blue, respectively.
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Figure S10: Redshifts of the energy positions of the deconvoluted A”, A, and B PL peaks as a function
of ALD cycles for ALD of (a) Al,O3 and (b) HfO:.



S7. Single-spot Raman spectra and Raman mapping data

Intensity (x10? counts)

(a) ALD of Al,O,
10 5 72 2 _4
= Untreated MoS, ) = Untreated MoS, | @ = Untreated MoS, | @ = Untreated MoS, ) = Untreated MoS,
8l ~— ALD-AI,0/MoS, Sa — ALD-A,O/MoS,| § — ALD-AL,OyMoS, | § — ALD-AL,0yMoS, g ~ ALD-AL,04/MoS,
3 g1s 315 g3
61 25 cycles & 31 50 cycles S 100 cycles S 150 cycles & | 200 cycles
< T 1.0 <10 T2
4 X, X & X
= z = =
2 5. 205 2 0.5 31
g 2 2 2
E £ E E

g70 380 390 400 410 420
Raman shift (cm™)

370 380 390 400 410 420
Raman shift (cm™)

0.4
g70 380 390 400 410 420
Raman shift (cm™)

0.4
870 380 390 400 410 420
Raman shift (cm™")

870 380 390 400 410 420

Raman shift (cm™)

(b) ALD of HfO,
4 L 4 peyer A et 4 e — __10 .
® == Untreated MoS, ) == Untreated MoS, ) == Untreated MoS, ® == Untreated MoS, @ == Untreated MoS,
S == ALD-HfO,/MoS, i == ALD-HfO,/MoS, 5 == ALD-HfO,/MoS, 5 == ALD-HfO,/MoS, S s == ALD-HfO,/MoS,
3F 3 3 3
8 8 8 8 8
S | 25 cycles & | 50 cycles % | 100 cycles S | 150 cycles & 61200 cycles
%2r %2 %2 %2 X
x RS R < X,
2 2 2 2 2
® 1 @1 @1 @ 1 @
c c c o o
2 2 2 2 2
& £ ¥ £ £

0 i
370 380 390 400 410 420
Raman shift (cm™)

0
370 380 390 400 410 420
Raman shift (cm™)

0
370 380 390 400 410 420
Raman shift (cm™)

0 i
370 380 390 400 410 420
Raman shift (cm™)

0 "
370 380 390 400 410 420

Raman shift (cm™)

Figure S11: Lorentzian fitting of single-spot Raman spectra measured from each 1L MoS> sample
before (black) and after ALD of (a) Al:O;3 (green) and (b) HfO: (magenta) at each number of ALD

cycles.
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(a) 25 cycles
E',, peak position E',, position (cm-") A,, peak position A, position (cm') Raman peak separation Peak separation (cm™)
Untreated MoS, ALD-AI,0,/MoS, 386 [Untreated Mos, ALD-AI,0,/MoS, 407 [Untreated Mos, ALD-AL,0,/MoS, 20
384 405 \ 195
382 403 17.0
(b) 50 cycles
E',, peak position E',, position (cm') A, peak position A, position (cm') Raman peak separation Peak separation (cm™)
Untreated MoS, ALD-AL,0,/MoS, 38 [untreated MoS, ALD-AI,0,/MoS, 407 [untreated MoS, ALD-AI,0,/MoS, %
1 385 8 404 20
L4 O
.
382 N 401 15
c 100 cycles
Y
E',, peak position E',, position (cm') A,, peak position A, position (cm'T) Raman peak separation Peak separation (cm™)
Untreated MoS, | 388 [Untreated MoS, ALD-AL,O/MoS, & 408 [Untreated MoS, ALD-AI,0,/MoS, | _ 3
- v 0
384.5 404.5 20
381 401 15
(d) 150 cycles
E',, peak position E',, position (cm'") A,, peak position A position (cm') Raman peak separation Peak separation (cm™)
Untreated MoS, Untreated MoS, ALD-A1,0,/MoS, 3
=
5 T AR
STHANS 20
15
(e) 200 cycles
E',, peak position E',, position (cm) A,, peak position A, position (cm?) Raman peak separation Peak separation (cm™)
Untreated MoS, 068 Untreated MoS, 408 Untreated MoS, 25
385.5 405 19.75
383 402 17

Figure S12: Maps of the E' 5, peak position, A;, Raman peak position, and the Raman peak separation
measured from 1L MoS: before and after ALD of Al;Os at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150,

and (e) 200. The black areas represent the SiO2/Si substrate where no MoS> Raman peaks are detected.
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(a) 25 cycles
E',, peak position E"y, position (cm'T) A, peak position A, position (cm-) Raman peak separation Peak separation (cm™)
§ 388 [untreated MoS, ALD-HfO,/MoS; 408 [Untreated MosS, ALD-HfO,/MoS, 2.0
S Ry .
3845 4045 195
381 401 15.0
50 cycles
E',, peak position E',, position (cm) A, peak position A, position (cm™) Raman peak separation Peak separation (cm™")
pos N ALD-HO/MoS, 240
A
3845 A 195
381 == 15.0
100 cycles
position E'y position (cm') Ay, peak position Ay, position (cm'T) Raman peak separation Peak separation (cm™)
ALD-HfO,IHoS,‘ 388 [Untreated MoS, 408 [yntreated MoS, | | [ALD-HfOMoS, '~ 3
) - .
i\ Ne
3845 : - 4045 20
N
2 pm
381 —_— 401 15
(d) 150 cycles
E‘,n peak position E',, position (cm") A1, peak position A, position (cm-) Raman peak separation Peak separation (cm?)
Untreated MoS, 3
20
15
(e) 200 cycles
E';, peak position E',, position (cm-) A, peak position A, position (cm™) Raman peak separation Peak separation (cm™)
388 406 Untreated MoS, = 220
385.5 403.5 18.5
383 401 15.0

Figure S13: Maps of the E' 5, peak position, A, Raman peak position, and the Raman peak separation
measured from 1L MoS; before and after ALD of HfO: at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150,
and (e) 200. The black areas represent the SiO2/Si substrate where no MoS> Raman peaks are detected.
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(a) 25 cycles
E';, FWHM FWHM (cm™) FWHM (cm-')
Untreated MoS, ALD-A1,0,/MoS, b 20 X 20
\ :
10 h J < 10
0 L 4 0
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20
Hw
0
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o 8 =
- “\ QD &
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(d) 150 cycles

FWHM (cm)
30

(e) 200 cycles

E';, FWHM FWHM (cm)

30

Untreated MoS,

Figure S14: Maps of the FWHM of the E'»; and A1, Raman peak positions measured from 1L MoS>
before and after ALD of Al;Os at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150, and (e) 200. The black

areas represent the SiO2/Si substrate where no MoS> Raman peaks are detected.
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(a) 25 cycles
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Figure S15: Maps of the FWHM of the E'»; and A1, Raman peak positions measured from 1L MoS>
before and after ALD of HfO: at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150, and (e) 200. The black

areas represent the SiO2/Si substrate where no MoS> Raman peaks are detected.
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Figure S16: FWHM broadening factors of the E'», and A1, Raman peaks extracted from the mapping
data as a function of ALD cycles for ALD of (a) Al;O3 and (b) HfO,. The FWHM broadening factor is
defined as the ratio of the FWHM of each Raman peak after ALD to that measured before ALD.
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S8. Correlative analysis of strain and doping in 1L MoS:2

3

The following analysis has been previously performed by other authors for graphene °'* and

more recently 1L MoS,. 8 1418 A freestanding MoS, monolayer is a good approximation of an
ideal strain-free and undoped system. The characteristic £'2; and 4;; Raman modes for
suspended CVD-synthesised 1L MoS; appear at ~385 cm™ and ~405 cm™!, respectively, ' 1°
and are denoted wg, and wg,. The positions of the E'5, and 414 peaks in the Raman spectrum
of a strained and doped 1L MoS2, wgrand w,/, can be written in terms of the induced biaxial

strain, &, and electron density, n: '¢

wgr = wg, — ZyErwg,e + kg (S2)
Wy = W — 2V wye + kym (S3)

where Y, and y,s are the Griineisen parameters for the two characteristic Raman peaks in
1L MoS;, and kg and k,r are the corresponding shift rates of the vibrational modes as a

function of carrier density, n. The relevant values used in this analysis are detailed in Table S2.

Table S2: Literature values for the Griineisen parameters and Raman mode shift rates used in the

correlative Raman analysis described in this work.

Parameter Value Reference
Vg 0.84 Rice et al. *°
Yar 0.15 Rice et al. *°

kg (x103 c¢cm)  -0.33  Chakraborty et al. *!

k, (x10"3 ecm)  -2.22  Chakraborty et al. *!

It follows from Equations S2 and S3, that any shifts in the positions of the characteristic E'2,

and 41, Raman modes that result from a given perturbation can be expressed as: '

Awgr = — ZyErwgre + kg (S4)
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Awy = —2ypwhe+kym (S5)
From this linear set of equations, we obtain relations for the strain and doping;:

kyAwgr —kpiAw
e — (36)
zyA’(l)AlkE’ - ZyEl(l)ElkAl

. Yawrhwg — yproyAw, (s7)
]/Al(l)g/kEl — ]/Ela)g-lkAl

To determine the equation describing the strain isoline at zero doping, we set n = 0 and solve
the system of Equations S2 and S3. Similarly, we can obtain the analogous equation for the

strain-free doping line in the case of ¢ = 0.

0
Y4 W,

Wy = a)g, + A—‘g(wE, —a)g,) (S8)
)/E’(L)El

= Wy + —kA'( - wy S9

Wyr = O)Al kE/ Wgr wE,) ( )

Hence, we can generate a e-n grid of strain and doping isolines, with respective gradients of

0
Za “’g’ =0.19 and ot 6.73, as shown in Figure S17. The dashed black lines represent the

V! @gr kg

strain isolines and correspond to Ae = +0.1 % variations in the strain. A Ae > 0 is indicative of
tensile strain, whereas a negative Ae signifies compressive strain. Red dashes outline the doping
isolines and indicate relative changes in the electron density of An = £0.1 x 10'* cm™, where

n-type doping is represented by An > 0 and p-type doping is implied by An < 0.
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Ae=-0.1% Qv cm
P 0 AxA
406 ’.')/,,. P 1’/,"7'*(!# _"‘,-l’rr_,;/_":_$ bn’
PO L et [ o s o |
__405F J;Pft_y)P‘?;..g‘_’,P'.”g_ ¢
€ i A
Q T ‘;.'1’), S PR T R K
Z 404 Tensile ;- F iy i
S  strain g
B =] - .Compressive |
O 403 Fr i - y , e
o LT oo strain
= et i
< 402 ;f Jaet T ; B
401 ""A.:*"'l):“,'/:;'r'_;r"r‘l/«-’r." ==f N
382 383 384 385 386 387

E',, position (cm™)
Figure S17: Representative correlative Raman plot of the A ;s Raman peak position as a function of the
E'5¢ Raman peak position, with overlayed e-n grid of isolines. The directions of the strain and doping

effects indicated by the respective isolines are highlighted. The green cross indicates the intersection

of the strain-free and undoped isolines at literature values of the Raman peak positions for a suspended

CVD-synthesised 1L MoS> (E'5, ~385 cm™ and A, ~405 cm™). Changes in strain and electron density

relative to this point are indicated.
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