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The effect of room temperature ultraviolet-ozone (UV-O3) exposure of MoS2 on the uniformity of

subsequent atomic layer deposition of Al2O3 is investigated. It is found that a UV-O3 pre-treatment

removes adsorbed carbon contamination from the MoS2 surface and also functionalizes the MoS2

surface through the formation of a weak sulfur-oxygen bond without any evidence of

molybdenum-sulfur bond disruption. This is supported by first principles density functional theory

calculations which show that oxygen bonded to a surface sulfur atom while the sulfur is

simultaneously back-bonded to three molybdenum atoms is a thermodynamically favorable

configuration. The adsorbed oxygen increases the reactivity of MoS2 surface and provides

nucleation sites for atomic layer deposition of Al2O3. The enhanced nucleation is found to be

dependent on the thin film deposition temperature. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869149]

As scaling of the silicon-based complementary metal-

oxide-semiconductior is reaching its physical limits,1 two

dimensional (2-D) transition metal dichalcogenides (TMDs)

are being considered as ideal candidates for channel materi-

als in field effect transistors (FETs) due to their atomic thick-

ness and bandgap comparable to that of silicon.2 Recent

efforts in the integration of 2-D materials such as MoS2 have

reported promising electron mobilities, on/off ratios of �108,

and low interface trap densities, Dit.
3–9 Yet, uniform deposi-

tion of sub-10 nm dielectrics on 2-D materials remains chal-

lenging. For example, when �15–17 nm HfO2 is deposited

by atomic layer deposition (ALD) on clean MoS2, island

type growth is observed resulting in non-uniform films.10 In

the case of Al2O3 ALD, uniform films of �10 nm in thick-

ness have been reported.11 In contrast, when performing

ALD using the same temperature, precursors, and thickness,

non-uniform ALD of Al2O3 has been reported.12 The use of

solvent-based pre-cleaning steps of the MoS2 surface may

explain the contradiction between such results.10

The examples of non-uniform ALD on MoS2 emphasize

that surface pre-treatments (or chemical residues) are needed

in order to promote reactivity with the ALD precursors, simi-

lar to graphene.13,15 Different surface treatments to improve

nucleation of dielectric films deposited by ALD on graphene

have been utilized,16 which include functionalization with

nitrogen dioxide NO2, remotely generated O3, and metal

oxide deposition.17–19 An oxygen plasma treatment has

recently been demonstrated to improve coverage of

ALD-Al2O3 (or HfO2) on multilayer MoS2 flakes.12 Though

dielectric films were obtained by this method, the improved

nucleation was shown to be due to the oxidation of MoS2.

The MoO3 formed during the plasma treatment would likely

affect the electrical properties at the MoS2 surface due to

bond disruption and/or band alignments (i.e., MoO3 is a

semiconductor with a wide band gap of �3.1 eV,20 whereas

the monolayer MoS2 band gap is 1.8 eV (Ref. 21)).

Consequently, the use of such plasma treatments may

degrade interface quality in multi-layer MoS2 devices and

would be impractical for monolayer-based devices.

In this Letter, a non-destructive method is proposed to

functionalize MoS2 by ultraviolet (UV)-O3 exposure, where

formation of oxygen-sulfur bonds at the top sulfur layer on

the surface was achieved without breaking sulfur-

molybdenum bonds (i.e., no formation of MoO3).

Additionally, first principles calculations show that the ther-

modynamics of the O3 interaction with MoS2 subsequently

produces stable bonding upon oxygen absorption on MoS2.

It is demonstrated that the oxygen functionalized MoS2 sur-

face (“O-SMoS”) is an ideal nucleation layer for ALD,

allowing deposition of fully-covered and uniform Al2O3 thin

films of �4 nm on MoS2. This result highlights the impor-

tance of the UV-O3 treatment as a route toward high quality

ultra-thin dielectrics on TMDs.

An in situ study of UV-O3 exposure of MoS2 was per-

formed to monitor chemical state changes by monochromatic

Al Ka X-ray Photoelectron Spectroscopy (XPS), without

exposure of samples to the environment to avoid spurious

contamination. Details of the instrument were described previ-

ously22 and in the supplementary material.23 A bulk MoS2

crystal (SPI Supplies) was mechanically exfoliated using

Scotch
VR

MagicTM Tape to remove the top most layers. The

sample was loaded into ultrahigh vacuum (UHV) within

5 min and transferred to a chamber to perform the UV-O3

treatment. Ozone was produced by UV photons from a low

pressure mercury lamp22,24,25 at an O2 pressure of PO2¼ 900

millibar within a few mm of the sample surface. The ALD

experiments were performed in an attached Picosuna)Electronic mail: rmwallace@utdallas.edu
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ALD reactor (Pbaseffi 0.1 millibar) allowing for

deposition and analysis without air exposure. Trimethyl-

aluminum (TMA) and H2O were used as the metal and oxi-

dant precursors, respectively. The precursor pulse and purge

times were 0.1 and 4 s, respectively, at Pffi 10 mbar, using

ultra-high purity N2 as the carrier and purging gas.

XPS of the initial, as-exfoliated MoS2 surface are shown

in Figure 1. The oxygen concentration is confirmed to be

below the limit of detection while C (�0.5 monolayer (ML)),

in a mixture of graphitic and sp3 hydrocarbons, is the only de-

tectable contaminant on the ex situ exfoliated MoS2 and likely

to originate from the environment after the exfoliation process.

After UV-O3 exposure, the S 2p spectrum shows an

additional doublet peak at 164.8 eV (Fig. 1(a)), which is con-

current with the appearance of an O 1 s peak (Fig. 1(b)), and

suggests oxidation of sulfur. The increase in the binding

energy position of this S 2p feature indicates that sulfur is no

longer in the S2� oxidation state of MoS2, yet lower than

that of S4þ previously reported after MoS2 oxidation by a

RF-oxygen plasma.24 Considering the Mo 3d states, (see

Fig. 1(a), viz. no detectable Mo-Mo or Mo-O formation), the

change in the sulfur oxidation state is likely due to the for-

mation of covalent S-O bonding without Mo-S bond

scission. Note that the S-O feature observed in the S 2p
core-level must also be present in the S 2s. The spectral decon-

volution of the Mo 3d and S 2s core-level is achieved with an

S-O feature in the S 2s with an identical core-level chemical

shift and appropriate intensity relative to the S 2p. Using the

peak intensity ratio IS-O/IS (see supplementary material),23 the

oxygen coverage on MoS2 was calculated to be�1 monolayer,

which suggests that only the MoS2 surface is oxygen function-

alized. It was also found that the S:O ratio from the newly

formed S-O bond was �1:1.3, indicating that oxygen could be

not only bonded on top of each surface sulfur atom but also

could occupy interstitial sites or sulfur vacancies. Analysis of

several samples indicated that the S:Mo ratio remained con-

stant after UV-O3 treatment. Additionally, as shown in Figure

1(b), the C 1 s feature is not detectable after UV-O3 treatment,

likely through CO and/or CO2 formation, consistent with other

semiconductor surfaces,25–27 without causing photochemical

degradation as can occur for graphene.28,29

The effect of O3 exposure from a remote generator source

on MoS2 without UV illumination was also investigated (see

supplementary material)23 using similar pressure and tempera-

ture conditions as that used for UV-O3 treatments. However,

S-O bonding or Mo-oxidation were below detectable limits.

Thus, UV illumination appears to be essential for the S-O

bond formation under the conditions employed here. It has

been shown that UV light can increase the reactivity of O3 by

up to four orders of magnitude,30 and the radical O* generated

by O2 dissociation by UV-absorption24,25 are expected to

accelerate the oxidation process. Moreover, MoS2 is known to

be a resistant material against photodegradation, because opti-

cal transitions occur between the d-states.31 Only nanoscale

MoS2 clusters have been reported to be photochemically

active for k> 400 nm.32 Since the reactivity of MoS2 is negli-

gible upon UV-light irradiation, the MoS2 surface is not likely

to catalyze or be involved in the O3 or O2 dissociation.

Further studies of ozone functionalization of MoS2 without

UV illumination will be presented elsewhere.

The density functional theory (DFT) modeling (Fig.

2(a)) indicates that an oxygen adatom has two possible

adsorption sites: Oxygen atop sulfur (Oads) and substitutional

oxygen on a sulfur vacancy (OS), having formation energies

of �0.81 eV and �1.88 eV, respectively. A study of the exfo-

liated MoS2 surface defects shows that defects (likely

clusters of sulfur vacancies) cover only 0.1%–5% of the sur-

face.33 Thus, the �1 ML coverage of S-O species observed

here suggests that the OS sites would have concentrations

below the limit of detection of XPS. Importantly, the DFT

result highlights that the formation of S-O bonds is energeti-

cally favorable and can occur without Mo-S scission,

FIG. 1. X-ray photoelectron spectra corresponding to the (a) S2p, Mo 3d
and (b) O 1s, C1s core levels of the initial as-exfoliated bulk MoS2 and after

UV-O3 treatment. k¼ 1000.

FIG. 2. (a) (5� 5) supercell of MoS2

showing the most energetically stable

adsorption sites for oxygen: Oxygen

on top of sulfur (Oads) and substitu-

tional oxygen on a sulfur vacancy

(OS). (b) DOS of MoS2 generated upon

O chemisorption on Oads and OS

adsorption sites. (c) LEED pattern of

the initial as-exfoliated MoS2 surface

(top) and after UV-O3 treatment (bot-

tom) taken at a beam energy of

127 eV.
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consistent with the Mo and S chemical states observed.

Moreover, the density of states (DOS) calculation shows that

for low coverages of O adatoms (�0.1 ML), no gap states

exist in the band gap, but rather shallow states at the band

edge are created (Fig. 2(b)).

The calculation also shows that S mono-vacancy forma-

tion energy is relatively large (�2.45 eV) and a S di-vacancy

is less favorable than mono-vacancy, consistent with a recent

report,32 and that O is unlikely to replace S. However,

mechanically exfoliated MoS2 can create S vacancies com-

pared to formation under thermodynamic equilibrium. The

first principle calculations are therefore consistent with the

detection of O-S bond formation without detectable O-Mo

formation, as the sulfur vacancy concentration is not likely to

be increased by UV-O3 exposure.

The low energy electron diffraction (LEED) pattern

(Fig. 2(c)) compares the as-exfoliated MoS2 surface before

and after UV-O3 treatment. The characteristic hexagonal

pattern of the unreconstructed MoS2 (0001) surface34,35 was

obtained for the as-exfoliated surface, with the diffraction

spot spacing remaining constant after the oxygen chemisorp-

tion. Sharper spots observed after UV-O3 treatment are likely

due to the reaction and desorption of the surface carbon con-

tamination.14,22,24,25 The fact that the hexagonal pattern spac-

ing is not altered, suggests that the oxygen adsorption sites

are well-defined and is in agreement with the most probable

adsorption sites for oxygen, Oads and OS, calculated by DFT.

The use of Al2O3 as a dielectric material has been

extended to 2-D materials based-devices, where the film

thicknesses ranged from 10 to 50 nm.6,7,36 As noted earlier,

nucleation of dielectrics on 2-D materials is limited by the

dearth of dangling bonds on these surfaces. However, for

nanoelectronic applications, pin-hole free thin film high-k

dielectrics with a uniform thickness are required. To explore

growth and uniformity, ALD of Al2O3 on O-SMoS was

investigated. Atomic force microscopy (AFM) images

(Fig. 3(a)) show Al2O3 deposited on the as-exfoliated MoS2

at 200 �C, 250 �C, and 300 �C (typical for ALD processing32)

using 30 cycles of TMA/H2O. It is evident that the nuclea-

tion occurs sporadically, being favored at step edges. The

density of clusters on the surface is higher at lower

temperatures, which is in agreement with prior reports.12

This also demonstrates that the previous report of uniform

Al2O3 after 110 cycles11 is likely caused by functionalization

due to organic contaminants on the MoS2 surface.10

In contrast, Al2O3 ALD on O-SMoS results in a signifi-

cant increase in coverage (Fig. 3(b)). The Al2O3 films

showed root-mean-squared (RMS) roughness values of only

0.14 nm, 0.17 nm, and 0.30 nm, for deposition temperatures

of 200 �C, 250 �C, and 300 �C, respectively.

The corresponding high-resolution transmission electron

microscopy (HRTEM) cross-section images of Al2O3 on

O-SMoS are shown in Figure 3(c). The amorphous nature of

the Al2O3 and the characteristic layered structure of MoS2,

which is preserved after the UV-O3 treatment, is evident as is a

sharp interface between both materials. Fully-covered Al2O3

films were obtained at 200 �C, with a thickness of �4 nm;
which remains constant for the analyzed area (see supplemen-

tary material). Similar films were obtained at 250 �C, with the

primary difference being an increase in surface roughness.

However, films deposited at 300 �C exhibit island-type growth,

which is consistent with the appearance of pin-holes of �1 nm

in extent for the corresponding AFM image for that tempera-

ture (Fig. 3(b)). Thus, it can be concluded that a dependence of

film uniformity with deposition temperature exists.

The RMS roughness increase with deposition tempera-

ture suggests that the oxygen functionalization layer might

not be stable at temperatures greater than 200 �C. To test this

hypothesis, identical O-SMoS samples were prepared and

then exposed to the same deposition temperatures in the

ALD reactor for 20 min under N2, at �10 mbar without pre-

cursor exposure. It was found that the S-O peak intensity

decreased to 30%, 10%, and 0% of the initial O-SMoS at

temperatures of 200 �C, 250 �C, and 300 �C, respectively,

while the S/Mo ratio remains constant after annealing (see

supplementary material). Therefore, it is found that partial or

total desorption of the chemisorbed oxygen occurred at the

these temperatures. This limited thermal stability of the S-O

bond explains the results shown in Figure 3, since desorption

of oxygen corresponds to depletion of nucleation sites for

subsequent ALD growth, resulting in less uniform films with

increasing deposition temperature.

The corresponding XPS spectra are shown in Figure 4.

After Al2O3 deposition, the S-O bonds are no longer detected

FIG. 3. Atomic force microscopy images of Al2O3 deposited by 30 ALD

cycles at 200 �C, 250 �C, and 300 �C on (a) as exfoliated bulk MoS2 and (b)

oxygen functionalized MoS2 (O-SMoS). Scale bar: 200 nm (c) HRTEM

images of the corresponding films shown in (b).

FIG. 4. XPS spectra of the S 2p and Mo 3d core level of Al2O3 on oxygen

functionalized MoS2 (O-SMoS) films shown in Figure 3(b).
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in the S 2p core-level spectrum, and the chemical states of

Mo and S are the same as the initial MoS2. This was

observed for all temperatures investigated, and two possible

mechanisms are considered which may contribute to S-O

bond scission. First, the thermal desorption of oxygen is

more likely to occur when temperature is increased. Since

the total deposition time for the 30 cycle films considered in

this study is �10 min and detectable S-O bonds are observed

after 20 min annealing to 200 and 250 �C, thermal desorption

alone cannot explain the complete removal of the S-O fea-

ture during deposition. Secondly, there is likely a direct

reaction of the precursors with oxygen, similar to the

self-cleaning effect reported for ALD on compound semi-

conductors.37 Thus, the O-SMoS also acts as a sacrificial

nucleation layer that, after reacting with the metal precursor,

leaves a MoS2 surface with S-O bonding below detectible

limits. It is also noted that there is no detection of Mo-Al or

S-Al chemical bonds, suggesting a non-covalent bonding of

Al2O3 on MoS2, similar to the case of HfO2 on MoS2.9,10

In summary, a UV-O3 treatment is an effective route to

functionalizing the MoS2 surface, and the presence of UV

light was indispensable for S-O bond formation under the con-

ditions employed here. DFT suggests two favorable oxygen

adsorption sites (i.e., on top of sulfur or adsorption on sulfur

vacancies), although the experimental evidence suggests that

adsorption on sulfur is dominant, likely due to the low areal

density of initial sulfur vacancy sites. In addition, the oxygen

terminated MoS2 surface was found to be ideal for ALD since

Al2O3 thin films can be deposited uniformly on clean MoS2,

allowing precise control of dielectric thickness. These results

demonstrate that UV-O3 treatment is a practical and

non-disruptive route for functionalization of MoS2 while pre-

serving its structural and electronic properties.
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