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45 ABSTRACT: Atomic layer deposition (ALD) on mechanically exfoliated 2D layered
49 materials spontaneously produces network patterns of metal oxide nanoparticles in
32 triangular and linear deposits on the basal surface. The network patterns formed under a

56 range of ALD conditions, and were independent of the orientation of the substrate in the

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

ALD reactor. The patterns were produced on MoS, or HOPG when either

tetrakis(dimethylamido)titanium or bis(ethylcyclopentadienyl)manganese were used as

precursors, suggesting that the phenomenon is general for 2D materials. Transmission

electron microscopy revealed the presence, prior to deposition, of dislocation networks

along the basal plane of mechanically exfoliated 2D flakes, indicating that periodical basal

plane defects related to disruptions in the van der Waals stacking of layers, such as

perfect line dislocations and triangular extended stacking faults networks, introduce a

surface reactivity landscape that leads to the emergence of patterned deposition.

INTRODUCTION

2D layered materials, such as graphite and transition metal dichalcogenides (MX,

where M= Mo and W, and X' =S, Se, and Te), have strong, covalent in-plane bonding

and weak van der Waals interactions between layers. Within the few-layer to monolayer

regime, the electronic, chemical, and optical properties of layered materials are

dependent on thickness, stacking order, and relative stacking orientation.['-3 Given the

variety of electronic structures and chemistry of 2D materials, and their tunability at the
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nanoscale, this class of materials has been actively investigated in applications such as

catalysis,*5! batteries,!6"] and photovoltaics. [8-°]

Pristine basal surfaces on bulk 2D single crystals and/or pristine few-layer stacks of 2D

materials commonly used in application-focused studies are generally prepared by

mechanical exfoliation with adhesive tape. Transmission electron microscopy (TEM)

studies have shown that mechanical exfoliation can disrupt the relative stacking

orientation of 2D layers at or within a few layers of the surface of the single crystal.l'l The

disruptions caused by the shear and twist forces involved in the mechanical exfoliation

process can induce surface corrugation and can also form dislocation networks near the

surface and along the basal plane. Mechanical exfoliation can consequently induce defect

patterns and networks that modify the local electronic structure and chemical reactivity of

the basal plane surface.l'1-13]

In principle, the local differences in properties induced by defects can consequently

alter the chemical reactivity of the surface. Such heterogeneity can be exploited to

produce patterned deposition using defect-selective deposition methods and reaction

conditions. Atomic layer deposition (ALD) allows excellent thickness control and film
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conformity, and consequently is used to fabricate gate dielectrics as well as protective

coatings for photoelectrochemical devices.['41% ALD utilizes sequential, self-limiting

chemical reactions for the controlled growth of highly conformal films on the surface of a

target substrate. Selective-area ALD has been demonstrated by use of an assisting self-

absorbed monolayer to inhibit facile penetration of precursor molecules through the

monolayer to the surface of the substrate.['8] Selective ALD has also been reported at

boundaries and step edges on the basal plane surface of 2D layered materials.['”-18] While

such studies exploit the high-reactivity of dangling bond and grain boundary defect sites

to achieve preferential deposition, an alternative approach would exploit the surface

energy landscape introduced by defect networks originating solely from disruption of van

der Waals (non-bonding) interactions to produce patterned deposition.

We report herein the spontaneous, unassisted growth of highly ordered triangular

arrays of metal oxide particles on the basal surface of mechanically exfoliated

molybdenum disulfide (MoS,) as well as on the basal plane of highly oriented pyrolytic

graphite (HOPG). The ALD reaction conditions and the metal organic precursor were

systematically studied to understand the origin and generality of the patterned deposition.
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Additionally, the presence of dislocation networks prior to deposition was investigated by

TEM.

RESULTS AND DISCUSSION

Effect of Titanium Precursor Dose Time. Figure 1a-f shows scanning electron

microscopy (SEM) images for three mechanically exfoliated MoS, crystals covered with

1000 ALD cycles of titanium dioxide (TiO;). The TiO, was formed using different

tetrakis(dimethylamido)titanium (TDMAT) precursor dose times, {TDMAT), while using

water as the counter reactant. For {TDMAT) = 0.025 s, in certain regions of the basal

surface the TiO, film formed a highly ordered network consisting of triangularly shaped

island deposits that shared corners and overall orientation. Very little nanoparticle

deposition was observed in the interior of the opposite-facing triangularly shaped empty

spaces generated by the TiO, film pattern (Figure 1d).

The dose time for the metal organic precursor was then systematically increased to

investigate the effect that TDMAT concentration per cycle in the ALD chamber had on the

TiO, film growth and on the morphology of the network pattern. Increases in the dose

time produce a concomitant increase in the TiO, film growth-per-cycle (GPC).
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Ellipsometry data indicated a GPC of 0.47 A cycle!, 0.55 A cycle !, and 0.73 A cycle™ for

dose times of 0.025 s, 0.1 s, and 0.4 s, respectively. The ellipsometry data of the GPC

values were in accord with TiO, film-thickness data determined using atomic-force

microscopy (see Supporting Information for more details). As the dose time was

increased to {TDMAT) = 0.1 s, the concentration of nanoparticles within the opposite-

facing triangularly shaped empty spaces gradually increased. The smoothness and

uniformity of the triangularly shaped TiO, deposition also improved, indicating an increase

in the conformality and compactness of the TiO; film. At {TDMAT) = 0.4 s, the empty

spaces were mostly filled with TiO, nanoparticles. Moreover, these opposite-facing

triangularly shaped regions displayed a brighter contrast under SEM, due to the decrease

in the conformality and compactness of the film in these regions.
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29 Figure 1. SEM images of patterned regions on MoS, after 1000 ALD cycles of TDMAT

33 and H,O when the pulse time of TDMAT was varied from (a,d) 0.025 s, (b,e) 0.1 s and

36 (c,f) 0.4 s respectively. Scale bars are 5 um (a,b,c) and 500 nm (d,e,f).

The dose time data clearly indicates the emergence of inert, triangular regions on

44 selected areas of the basal plane surface through a range of ALD reaction conditions.

Assuming inhomogeneous surface reactivity, at short dose times the low TDMAT

51 concentration shifts the reaction towards a lower supersaturation, more selective

condition, and the TiO, deposition becomes favorable only on the most reactive (high-
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energy) basal surface sites. In contrast, at longer dose times, and correspondingly high

growth rates, the increase in the TDMAT concentration shifts the reaction towards a

higher supersaturation condition, with deposition of TiO, resulting in a conformal film

outside of these bright triangular regions. The reported linear growth rate for TDMAT and

H,O at 150 ‘C is ~ 0.52 A cycle-'.' The growth rate at the longest dose time is 50%

higher than expectations, so the random nanoparticle deposition in the empty spaces

could indicate fractional CVD-type deposition, which correspondingly increases as the

precursor dose time increases. The observed film patterns therefore suggest that the

basal surface contains areas where the surface energy is organized in a network pattern

comprising a continuous array of two distinct opposite-facing triangularly shaped regions

with substantially different reactivities.

Effect of ALD Growth Time. Figure 2a-f shows the evolution of the morphology of the

TiO, film pattern as the total deposition proceeded through 200, 400, and 1000 cycles,

respectively, for a fixed exfoliated MoS, region and a dose time of {TDMAT) =0.1s. To

probe effects of the direction of the gas flow on the deposition process, after the first 400

cycles the sample was rotated 180° in the chamber. After 200 cycles (~ 10 nm) of growth,
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a TiO, film pattern was clearly manifested as a bright network of triangularly shaped

deposits formed from somewhat discontinuous TiO, nanoparticles (Figure 2a,b). After

400 total deposition cycles, the packing density of TiO, particles increased within the

triangularly shaped deposits (Figure 2c,d). The directionality of the deposition pattern

remained the same despite the rotation of the MoS, substrate by 180° between 400 and

1000 ALD cycles, indicating that the orientation of the triangularly shaped deposits was

independent of the direction of the gas flow within the ALD chamber. At 1000 total ALD

cycles (Figure 2e,f) the smoothness, conformity, and compactness of the previously

observed triangularly shaped TiO, deposits increased substantially. In addition, the empty

spaces of opposite-facing triangles were filled with TiO, particles. Differences in the film

density and packing induced a reversal in contrast between the original triangularly

shaped deposits and the subsequently filled empty spaces, such that the infilled triangles

appeared bright whereas the original triangularly shaped deposits appeared darker in

contrast in the SEM images.
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Figure 2. SEM images showing the evolution of a deposition pattern after (a,b) 200, (c,d)

400, and (e,f) 1000 cycles respectively. After 400 cycles, the sample was rotated 180° in

the ALD chamber to probe for gas directionality effects on the orientation of the

deposition. Scale bar is 5 ym for the left column and 1 um for the right column.

At a fixed ALD condition, inhomogeneities in the deposition rate are indicative of

differences in reactivity among surface sites on the basal plane. The sequential deposition

experiment indicates that some areas within the basal surface of mechanically exfoliated
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MoS, contain a network arrangement of two opposite-facing triangularly shaped regions

that have mutually distinct deposition rates. Defects can introduce areas with modified

densities of states and reactivities, so the emergence of the observed TiO, ALD pattern

is consistent with the presence of an underlying defect network.

Effects of ALD Precursor and 2D Substrate on Film Growth. Figure 3 shows the

presence of triangularly shaped deposition networks after ALD on mechanically exfoliated

MoS, and HOPG, when either TDMAT or bis(ethylcyclopentadienyl)manganese

((EtCp).Mn) were used as metal organic precursors. Each deposition was performed at

150 °C with water as the counter reactant. The ALD reaction conditions were tuned to

access a low growth-rate regime, facilitating selective deposition of the network pattern

(methodology section in the Supporting Information). ALD with TDMAT on HOPG (Figure

3c) produced triangularly shaped deposition networks of nominally identical morphology

to those produced on MoS, (Figure 3a). The underlying mechanism enabling the

formation of the patterns is thus independent of the specific bonding chemistry of the

basal surface, suggesting that formation of the patterns is likely a general characteristic

of 2D layered materials. Consistently, triangular networks with morphologies nominally
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identical to those produced on MoS, and HOPG using TDMAT were observed after ALD

using (EtCp).Mn on either MoS, or HOPG (Figure 3b,d). The observation of spontaneous

network formation by manganese oxide (MnO,) particles on the surface of mechanically

exfoliated 2D materials strongly suggests that the mechanism of pattern formation is

independent of the chemistry and structure of the metal organic precursor.

The inert nature of the pristine basal surface of 2D materials caused by the absence of

dangling bonds hinders the deposition of films by ALD by preventing the facile adsorption

of precursor molecules.l?%2"1 Bonding related defects, such as vacancies, act as high-

energy sites facilitating precursor surface absorption and enhancing reactivity for

deposition. However, bonding related defects within a single basal surface are random in

nature and cannot explain the emergence of ordered deposits. In contrast, translational

and rotational deformations to the van der Waals stacking of 2D layers induced by

mechanical exfoliation can introduce local modifications to the stacking order that

manifest as organized dislocation networks.['% Dislocation networks caused by stacking

order disruptions have been shown to modify the density of states, electrical conductivity,

photoluminescence, and electronic structure of the layered material.['122-24] Thus, the
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presence of dislocation networks could introduce periodic regions with modified surface

oNOYTULT D WN =

energy generating a reactivity landscape on the basal surface. The presence and

11 morphology of dislocation networks on MoS, was therefore investigated to test the

14 hypothesis that the triangularly shaped deposition network pattern on 2D layered

18 materials resulted from the presence of defect networks in the exfoliated substrates.

42 Figure 3. SEM images showing pattern development with different layered substrates and

45 metal oxide precursors. A) The deposition of TiO, from TDMAT on MoS,. B) MnO, on

49 MoS; from (EtCp),Mn. C) TiO, on HOPG. D) MnO, on HOPG.
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TEM Characterization of Dislocation Networks. Figure 4a shows an SEM image of a

highly ordered line-network pattern of TiO, deposits formed by ALD on MoS, via the recipe

used in Figure 3a. The SEM pattern closely resembled the line pattern of dislocation

networks observed by TEM on a mechanically exfoliated MoS, flake (Figure 4b). The

resemblance between the TiO, deposition pattern and the dislocation network pattern

suggests that line defects generated by the disruptions in the stacking orientation of 2D

layers during mechanical exfoliation can seed deposition under a range of low

supersaturation conditions, and thus act similarly to the seeding effect of bonding-related

defects. By analogy to previous studies on bonding-related defects,?% 2D stacking-

related defects can therefore also serve as high-energy sites that lower the activation

energy for heteronucleation, enabling preferential deposition under low supersaturation
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33 Figure 4. (a) SEM image of a TiO, deposition pattern in the shape of line networks on

36 mechanically exfoliated MoS, observed after ALD. (b-c) TEM image and corresponding

40 SAED pattern for a MoS,, flake oriented along the [001] zone axis. Corresponding two-

43 beam condition TEM images for the (d) (210), (e) (110), and (f) (120) reciprocal lattice

47 vectors.

51 The corresponding Burgers vectors (b) for the dislocation lines that spanned the

network observed in Figure 4b were characterized by selecting perpendicular reciprocal
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lattice vectors (g) using a two-beam condition. In accordance with the invisibility criterion,

the contrast of a dislocation vanishes when ge b= 0, for dislocation contrast involving a

single Bragg reflection. Figure 4d-f shows that selecting the gvectors (210), (110), and (1

20) in a two-beam condition results in a contrast doubling for two (Figure 4d,e) out of

three distinct undissociated dislocation lines, instead of the single vanishing contrast

expected from the invisibility criterion. Contrast doubling under a two-beam condition is

indicative of interactions between dislocations in the network (commonly known as

interaction networks; Figure S3) and has been previously observed in naturally occurring

MoS, (molybdenite).l?%27] In interaction networks, two Bragg reflections can be involved

in the dislocation contrast, which causes a contrast doubling when selecting

perpendicular gvectors. Due to the convolution of the two Bragg reflections their Burgers

vectors cannot be definitively isolated.

The three undissociated dislocations observed by TEM meet at a single node, spanning

the network observed in Figure 4b. The line dislocation network can be visualized as

ordered corrugations within layers. This corrugation induces a mismatch between layers

that can be described as undissociated edge dislocations caused by a buckled region.[28!
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Dissociation of a perfect edge dislocation into Shockley partials results in the formation

of a stacking fault region bounded by two partials. Consequently, as illustrated in Figure

5, the relationship between line dislocation networks and triangular networks can be

visualized through the dissociation of the three line dislocations, which results in the

formation of networks containing triangular extended stacking-fault nodes bounded by

partial dislocations (Figure 5), as well as alternating with opposite-facing triangular

regions where the stacking is not modified.[?2.29.30]

The crystal solid can reduce the total stacking fault energy by curving the partial

dislocation lines towards the stacking fault region. Consequently, the curvature of the

partial dislocation lines depends on the energy of the stacking fault. Figure 5¢ shows how

the stacking fault energy affects the curvature (R) of the partial dislocation lines and the

size of the stacking fault node.l3'-321 For a stacking fault energy equal to zero, the partial

dislocation lines have zero curvature resulting in a pattern composed of perfectly

equilateral triangular nodes. For stacking fault energies greater than zero the partial

dislocation lines curve inwards and the area of the stacking fault node gets smaller until

ACS Paragon Plus Environment
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it eventually collapses into the perfect dislocation lines at sufficiently high stacking fault

energies.

Figure 5d-g shows SEM images of deposition networks composed of lines, concave

triangles connected by lines, corner-sharing concave triangles, and corner-sharing

perfectly equilateral triangles on exfoliated MoS,. Triangles with concave side walls were

observed for both the triangular deposits and the opposite facing triangular voids,

indicating that in some cases the stacking fault node appears to be less reactive than the

pristine surface. Several types of stacking faults involving two to three types of stacking

alignments have been theoretically identified for molybdenite,[?6! but the electronic

structure for multilayer disruptions has not been studied extensively. In bilayer 2D stacks,

extended triangularly shaped stacking fault networks have recently been shown to exhibit

unique electronic structure and properties stemming from the modified density of states

(DOS) induced by the altered stacking registry.[?8:33 Further understanding the density of

states for stacking faults on 2D materials would provide additional insight into the

reactivity effects due to these DOS differences.
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In general, the observed morphologies highlighted in Figure 5d-g provide a direct

connection and morphological relationship between the observed line and triangular

deposits, and indicate that both types of deposition patterns originate from the same type

of interacting dislocation defect network. Hence, the networked triangular deposition

pattern observed after ALD on the basal surface of 2D materials can be explained as a

result of preferential seeding induced by the presence of extended triangular stacking-

fault nodes and pristine opposite-facing surfaces under low supersaturation conditions.

a)

Perfect Dislocations
x\xlﬁrxlx

|+.

D) Partial Dislocations

Figure 5. (a) Schematic of dislocation network highlighting

Dislocation length (D,)

= .,
\:. /

the nodes that undergo

extension after dissociation of the dislocations into Shockley partials. (b) Network of
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extended stacking-fault (SF) node regions (shaded triangles) composed of alternating SF

triangles and opposite-facing triangles composed of pristine (P) surface (unshaded

triangles). (c) Schematic showing that higher SF surface energies result in a decrease in

the radius of curvature (R) of the dissociated partial dislocations and a decrease in the

relative size of the triangular node. Note that in the schematics the three distinct

dislocations were assumed to be of equal length (£,). SEM images of (d) line deposits,

(e-f) triangular deposits and empty triangular voids with curved side walls, (f) and

equilateral triangular deposits on exfoliated MoS..

CONCLUSIONS. Highly ordered network patterns, consisting of triangular metal oxide

deposits that share corners and orientation, are produced by ALD film growth on the basal

surface of mechanically exfoliated 2D layered materials. These triangular patterns

persisted across a range of supersaturation reaction conditions and were independent of

the position of the substrate in the ALD chamber. The observation of triangular patterns

when HOPG or MoS, was the substrate and when TDMAT or (EtCp).Mn was the metal

precursor suggests that this type of deposition patterns is intrinsic to the 2D substrate and
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is independent of precursor chemistry. The observation of undissociated dislocation

networks prior to ALD as well as line network deposits after ALD is consistent with the

hypothesis that basal plane defects networks, such as periodic dislocation lines and

triangularly shaped extended stacking-fault node regions, introduce a surface reactivity

landscape that can be exploited under a range of supersaturation conditions to produced

patterned deposits. Because the observed type of dislocation networks stems from

deformations involving only the van der Waals stacking forces between 2D layers, the

observed defect-seeded mechanism for ALD is likely to be general for 2D layered

materials.
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