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We deposited a metal oxide buffer layer before atomic layer deposition (ALD) of Al2O3 onto

exfoliated molybdenum disulfide (MoS2) in order to accomplish enhanced integration. We

demonstrate that even at a high temperature, functionalization of MoS2 by means of a metal oxide

buffer layer can effectively provide nucleation sites for ALD precursors, enabling much better

surface coverage of Al2O3. It is shown that using a metal oxide buffer layer not only allows high

temperature ALD process, resulting in highly improved quality of Al2O3/MoS2 interface, but also

leaves MoS2 intact. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905634]

Over the past decade, two-dimensional (2D) materials,

such as graphene, boron nitrite (BN), and molybdenum disul-

fide (MoS2), have drawn tremendous attention due to their

fascinating physical, optical, and electrical properties.1–5

This has led to extensive studies in an effort to explore their

exotic characteristics and to exploit them for a variety of

applications ranging from electronic devices to battery elec-

trode materials.6–8 In particular, MoS2, one of the most

promising transition metal dichalcogenides (TMDs), has

been found to have a high carrier mobility, a high on/off cur-

rent ratio, and a low subthreshold swing (SS) when used as a

channel layer in top-gated metal oxide semiconductor field-

effect transistors (MOSFETs).9–11 It has also been known

that the carrier mobility becomes substantially increased in a

top-gated MOSFET structure because the effective Coulomb

scattering which results from dielectric mismatch and elec-

tric field penetration can be damped by high-k dielectrics on

the 2D-layered nanostructure, which is known as dielectric

constant mismatch effect.12

In order for MoS2 to be utilized as a channel in a top-

gated MOSFET, a high-k dielectric has to be deposited on

top of the channel. However, uniform and continuous inte-

gration of high-k dielectrics has been challenging to be

accomplished due to the absence of dangling bonds on the

surface except surface defect sites.13 To take advantage of

the enhanced carrier mobility of MoS2, this problem has to

be overcome.

Lately, it has been proven that previously reported con-

formal atomic layer deposition (ALD) of dielectrics on

MoS2 at relatively low temperatures without any function-

alization is attributed to residual contaminants such as

organics and solvents, which facilitate the nucleation pro-

cess during ALD steps.14 To date, many studies have

attempted to solve this problem with novel methods. Yang

et al. have pretreated MoS2 surface with oxygen plasma

before the deposition of a dielectric to provide dangling

bonds.15 However, the pretreatment caused pristine MoS2

to form MoO3 on the very top surface, which is likely to

deteriorate the electrical properties of MoS2. On the other

hand, Azcatl et al. effectively functionalized MoS2 by ultra-

violet (UV)-O3 treatment without forming MoO3.16

Nevertheless, ALD of dielectrics at high temperatures were

unsuccessful because thermal desorption of the oxygen gen-

erated from UV-O3 treatment takes place much more

greatly as the temperature increases due to the limited ther-

mal stability of O-S bonding.16

Graphene-based MOSFETs have also been suffering

from the same problem. Many strategies have been proposed

by previous studies such as molecular buffer layer, low-k
polymer buffer layer, and metal oxide buffer layer.17–19

These approaches are also applicable to MoS2-based ones

because MoS2 and graphene share many analogous charac-

teristics. Recently, Zou et al. reported a heterogeneous struc-

ture between MoS2 and different dielectric materials grown

by ALD at a relatively low temperature with a buffer layer

as an interface engineering.20

In this letter, we show that even at a high temperature,

the employment of a metal oxide buffer layer to functional-

ize MoS2 before ALD of a high-k dielectric is a facile

method to accomplish improved dielectric growth behavior.

Our results demonstrate that the metal oxide buffer layer can

provide nucleation sites for precursors injected into the ALD

chamber at a high temperature without forming MoO3. We

inserted a metal oxide buffer layer whose material is identi-

cal to that of a dielectric deposited afterward by ALD to

achieve a homogeneous dielectric structure. This would

potentially cause less charge scattering, and preclude inter-

diffusion problem between two different dielectric materials.

Due to the dearth of dangling bonds on the MoS2 sur-

face, setting aside surface defects and residual contaminants,

ALD process has to be carried out within a low temperature

range because it primarily relies on physical adsorption of

the injected precursors.13 At high temperatures, desorption

of injected precursors much readily occurs on the 2D crystal

surfaces. As a result, an ALD window for MoS2 has to be

significantly reduced.13 The reduction of the ALD window is
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detrimental to dielectric integration for high performance

top-gated MoS2 MOSFETs, leading to large subthreshold

swing and increased leakage current mainly due to a large

amount of impurities, which are trapped during the low tem-

perature ALD process.21–23 In particular, carrier mobility of

2D crystal materials is found to be largely dominated by

charged impurity scattering.24 Moreover, after initial ALD

stages, longer purging time is needed at low temperatures to

remove remaining, excess precursors.23 Therefore, in order

for efficient and effective deposition process to be realized,

high temperature ALD process is highly desirable. In this

regard, the insertion of an oxide buffer layer can be a facile

method to enable high temperature integration of high-k
dielectrics on 2D materials since the oxide buffer layer has

many dangling bonds as compared to 2D materials, offering

enough nucleation sites for the injected precursors.

MoS2 (SPI Supplies) multilayer flakes were transferred

from MoS2 bulk to 300 nm thick SiO2 grown on Si substrate

by using a simple mechanical cleavage technique with scotch

tape.25 Scanning electron microscopy (SEM) and optical mi-

croscopy (OM) images of as-transferred MoS2 and corre-

sponding atomic force microscopy (AFM, Park systems

XE70) height profile and Raman spectrum (Jasco NRS-3100)

are shown in Figure 1. From Raman spectrum and AFM

height profile, the number of the exfoliated MoS2 layer was

identified as five.26 Tape residues were thoroughly removed

by acetone, methanol, and deionized water for 10 min in a

sonicator, respectively, and nitrogen blowing. Deposition of

�1 nm thick aluminum (Al) buffer layer was conducted by

thermal evaporation, and natural oxidization of the deposited

buffer layer occurred while it was being moved to an ALD

chamber.17,19,20 In order to eliminate possible contaminants

and to ensure the complete oxidation of the deposited Al

buffer layer, a heat treatment step was conducted in the ALD

chamber with a pulse of H2O at 100 �C prior to Al2O3 deposi-

tion. For the ALD process to deposit Al2O3 at 250 �C,

Trimethylaluminum (TMA) and H2O were used as ALD pre-

cursor and oxidant, respectively. A pulse time of 0.5 s was

used for both TMA and H2O, and a purge time of 1.5 s for

nitrogen.

No Al metal peak was detected by angle-reserved X-ray

photoelectron spectroscopy (ARXPS, Thermo Fisher

Scientific Theta probe ARXPS system) at different incident

angles ranging from 22.5� to 77.5�, indicating complete oxi-

dation of the deposited Al buffer layer at all locations

(Fig. 2(a)). Furthermore, Mo4þ 3d3/2, Mo4þ 3d5/2, and S 2 s

peaks indicating Mo-S bonding in MoS2were located at

232.5 eV, 229.3 eV, and 226.6 eV, respectively, as shown in

Figure 2(b).15 Since Mo6þ state peak was not identified

around 3.2 eV, it is apparent that any conversion of MoS2 to

MoO3 did not occur as formerly reported.20 This is reasonable

since physically adsorbed Al on the MoS2 surface is easily

transformed into Al2O3 as soon as it is exposed to atmosphere,

without breaking Mo-S bonds. However, the �1 nm Al depos-

ited by thermal evaporation turned out to form Al islands and

subsequently Al2O3 islands, not uniform Al thin film (Figs.

2(c) and 2(d)) as observed in a previous study.20 Surface cov-

erage of the Al2O3 islands was calculated by using ImageJ

software. The AFM image was converted to a gray scale, and

the Otsu method27 was chosen as a thresholding method. The

estimated surface coverage was only 31.48%. This is because

the surface energy of Al (1.27 � 103 mJ/m2)28 is much larger

than that of MoS2 (46.5 mJ/m2),29 so that it is favored for Al

metal to ball up upon deposition on MoS2, forming clusters,

which is called Volmer-Weber growth. Even though the nom-

inal thickness of the deposited Al was �1 nm, the maximum

thickness of the corresponding Al2O3 islands reached �4 nm

as shown in Figure 2(d). In addition, about 4-fold increase in

unit cell volume during the spontaneous metal-to-oxide trans-

formation of the deposited Al19 islands induces much strain at

the interface. The Al islands result in local tensile and com-

pressive strain, which leads to the alteration of electronic

FIG. 1. (a) Optical micrograph (OM, Olympus BX51) of exfoliated MoS2 on SiO2/Si substrate, (b) scanning electron micrograph (SEM, FEI Nova NanoSEM

650) and height profile of the MoS2 on the substrate, and (c) Raman spectrum of the exfoliated MoS2.

FIG. 2. (a) ARXPS spectra of the Al buffer layer with deferent angles, (b)

XPS spectra of Mo 3d and S 2s after the Al buffer layer deposition, (c) AFM

images of Al buffer layer deposited at 100 �C on exfoliated MoS2, and (d)

AFM height profile corresponding to the red line in the (c).
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properties of the MoS2 channel. It has been reported that the

induced strain modifies its band structure, band gap energy,

and the effective masses of charge carriers.30,31 Thus, elec-

tronic and optical properties of MoS2 can be tuned by strain

engineering.32,33 In this regard, optimization for a metal oxide

buffer layer deposition is required to diminish the extent of

strain induced during the oxidation of the metal buffer layer.

Since MoS2 is chemically stable up to 1100 �C,9 ALD

temperature of 250 �C is thought to be suitable for efficient

and effective integration, without breaking Mo-S bonding.

As ALD process shows excellent step coverage,23 the root-

mean-squared (RMS) surface roughness of the deposited Al

was initially comparable to that of the Al2O3 islands.

However, the RMS roughness value further decreased from

0.649 nm of 3 nm Al2O3 to 0.301 nm of 10 nm Al2O3 as ALD

process continued further as summarized at Table I. This is

because the islands gradually grew larger, and at some point

they became connected eventually. This Al2O3 network

resulted in the reduced surface roughness value. Without the

buffer layer, continuous deposition of dielectric on MoS2

could not be attained, leaving pinhole-like defects (Figs. 3(c)

and 3(d)) as formerly reported.13 In contrast, with the aid of

Al buffer layer (Figs. 3(c) and 3(d)), much better surface

roughness was obtained even at a high temperature. When

3 nm Al2O3 was grown by ALD technique, the RMS rough-

ness value (0.649 nm) was approximately two thirds lower

than that without the buffer layer (1.969 nm). Furthermore,

when 10 nm Al2O3 was deposited, RMS surface roughness

value was dramatically lowered from 1.347 nm to 0.301 nm.

Surface coverage percentages of Al2O3 were also estimated

by using ImageJ software. Without a buffer layer, the Otsu

method successfully detected defects in the Al2O3 surface

and calculated its coverage percentages due to their bimodal

and multimodal gray-level distributions.34 However, with a

buffer layer, their gray-level histograms have unimodal dis-

tributions, implying very little amount of surface defects.

The calculated values show that surface coverage can be pro-

foundly improved with a metal oxide buffer layer, even

when only 3 nm of Al2O3 was deposited from 61.89% to

99.29% as shown in Table I.

In summary, functionalization of exfoliated MoS2 by

using a metal oxide buffer layer is an efficient and effective

route that allows high temperature integration of dielectrics

with high interface quality and surface coverage. Optimal

deposition of a metal oxide buffer layer is expected to permit

conformal integration of a dielectric with least roughness

and strain. This facile method is also applicable to other

metal oxide dielectrics for high performance top-gated

MOSFETs. Therefore, needed is further research for other

metal oxide buffer layers such as HfO2, TiO2, and Ta2O5.
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