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METHOD FOR STM ASSISTED ALD

FIELD OF THE INVENTION

This invention relates to lateral pattern control for

atomic layer deposition.

BACKGROUND

Atomic layer deposition is a thin film growth

technique that employs a sequence of self-limiting surface

reaction steps to allow sub-nanometer control of the growth

process. The self-limiting adsorption reactions ensure

precise control of film thickness and uniformity over large

areas. For example, with ALD it is possible to ensure that

growth of layer #1 is complete before growth of layer #2 on

top of layer #1 is initiated. In this manner, ALD provides

very accurate and precise control of device structure and

composition in the growth direction (typically taken to be

the z direction) . However, it remains challenging to

provide a comparable level of structure/composition control

for ALD in the lateral directions (i.e., x and y

directions) .

Various methods have been investigated for providing

lateral patterning capability in combination with ALD. It

is important that such patterning techniques not disrupt

the layer by layer growth that is characteristic of ALD,

and substantial simulation and/or experimental

investigation is typically required to confirm the

suitability of any particular patterning methods for use

with ALD. For example, one approach that has been

experimentally investigated is the use of microcontact

printed resists.



Another approach which has been considered for lateral

patterning combined with ALD is the use of a scanning probe

microscopy (SPM) tip to add or remove passivating material

from a substrate surface (US 7,326,293). The resulting

pattern of passivation material controls the lateral

pattern of subsequent ALD. However, this process of

directly adding or removing passivation material from the

surface of a substrate can be time-consuming and/or can

cause difficulties in practice (e.g., when removing

passivation material from a surface, the removed material

may accumulate on the tip and degrade performance) .

Accordingly, it would be an advance in the art to

provide a tip-patterned ALD method that does not suffer

from the above-identified problems.

SUMMARY

Lateral nano-scale pattern control for atomic layer

deposition can be provided by using a scanning tunneling

microscope (SPM) tip to locally influence chemical reaction

rates. An electric field and/or charge transfer can

significantly reduce the potential energy barrier that

affects reaction kinetics, and thereby significantly

enhance reaction rates. By operating the ALD growth system

in a regime where reaction rates without an electric field

and/or charge transfer are negligible, deposition can be

precisely controlled to occur only at locations defined by

the SPM tip.

In an embodiment, a method for performing area-

selective atomic layer deposition is provided. The method

includes: providing a substrate, disposing a tip of a

scanning probe microscope in proximity to a surface of the

substrate, and establishing an electrical potential



difference between the tip and the surface of the

substrate, which causes one or more localized electrical

effects to occur in proximity to the tip. Deposition

reactants are provided to the substrate such that self-

limited reactions provide atomic layer by atomic layer

growth, and deposition on said substrate occurs in a

deposition pattern defined by the localized electrical

effects. For example, deposition can occur at locations

where deposition reactions are enhanced by the localized

electric effects, and not at other locations. As an

alternative, the localized electric effects could act to

inhibit ALD reactions, which could be used to provide ALD

growth at all locations except those in proximity to an SPM

tip.

Although any kind of scanning probe microscope having

a tip capable of causing localized electrical effects can

be employed, scanning tunneling microscopes (STMs) and

atomic force microscopes (AFMs) are preferred. In an STM,

a tunneling current flows between the tip and the

substrate, while in an AFM, mechanical forces arise between

the tip and sample surface.

It is preferred that the localized electrical effects

have sufficient strength to define the deposition pattern,

but are sufficiently weak that the reactions remain self-

limited. With reference to Fig. 2 , the localized

electrical effects should control whether deposition occurs

in ALD window 204 or in kinetically limited regime 206, and

it is important to ensure that the localized electrical

effects cannot lead to growth in regime 202.

The localized electrical effects can include one or

more of: DC electric field, AC electric field, DC current

flow, AC current flow, DC electronic charge transfer, and

AC electronic charge transfer. Simulations as described in



more detail below have indicated that a DC electric field

can enhance ALD reaction rates.

In some cases, the tip is held fixed relative to the

substrate during deposition (e.g., to define a quantum

dot) . In other cases, the tip can be moved with respect to

the substrate during deposition (e.g., to define multiple

dots or features with a single tip) . Tip scanning can be a

relatively rapid process, compared to ALD reactant purging,

so scanning a tip to provide multiple features does not

necessarily greatly increase growth time. However,

scanning the tip during deposition requires accurate

techniques for registering the pattern of one ALD layer

with the patterns on other ALD layers. A microscope having

several tips (e.g., arranged in a regular array) can also

be used. This approach can avoid difficulties associated

with scanning a single tip to define an array of dots.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs, la-d show typical steps in an atomic layer

deposition process.

Fig. 2 is a schematic reaction rate vs. temperature

plot.

Fig. 3 is an energy vs. reaction coordinate diagram.

Fig. 4 shows chemical structures of a simulated atomic

layer deposition half-reaction.

Fig. 5 shows chemical structures of another simulated

atomic layer deposition half-reaction.

Fig. 6 shows simulated surface configurations for

several different charge states.



DETAILED DESCRIPTION

To better appreciate the present invention, it is

helpful to briefly review some features of atomic layer

deposition. Figs, la-d show steps in a typical ALD

fabrication sequence.

Atomic layer deposition is a leading technology for

conformal growth of ultra-thin films with sub-nanometer

precision. ALD can be regarded as a modified version of

metalorganic chemical vapor deposition (MOCVD) in which the

reaction is separated into self-limiting half reactions of

precursors in order to gain precise control of film

uniformity and thickness. Precursor molecules are typically

volatile metal complexes coordinated by organic ligands,

which prevent the formation of more than a single monolayer

per cycle. In the first step (Fig. Ia), gas-phase precursor

molecules 104 are introduced into the reaction chamber at

relatively low temperatures (300-700K) , and adsorb onto the

surface of the substrate 102 as layer 106. The excess

precursor is purged from the chamber (Fig. Ib) . Next, an

oxidant 108 is introduced into the chamber (Fig. Ic) , which

oxidizes the metal and removes the ligands from layer 106,

forming material 110 on substrate 102. The excess oxidant

is purged from the chamber (Fig. Id) . By repeating this

process in a step-by-step manner, film thickness and

stoichiometry can be controlled with high precision.

ALD differs from chemical vapor deposition in several

significant aspects. In chemical vapor deposition (CVD), a

continuous flow of reactants is typically provided, and the

thickness of deposited material is controlled by

calibrating the growth rate and then using the known growth

rate to determine the time needed to grow a desired

thickness. In contrast, ALD proceeds layer by layer, and

the thickness of deposited material is determined by the



number of layers grown (thickness per layer is often known,

or it can be measured) . An ALD system differs from a CVD

system mainly by the addition of more complicated reactant

flow valves and controllers, to accommodate the purge

cycles characteristic of ALD. In the present approach, an

ALD growth chamber can be modified to establish a

controllable electric potential difference between the SPM

tip and the substrate.

While ALD provides perhaps the best available control

of material thickness in the Z-direction, to fabricate

precise arrays of quantum dots, material growth in the

plane of the substrate must be controlled with nanometer

precision. Localized electric fields from conductive SPM

tips can precisely define the lateral position of the

deposited material. This lateral patterning technique

should be applicable to a wide variety of materials,

including metals, semiconductors and insulators. ALD of

Platinum (Pt), Lead Sulfide (PbS), and ZrO2 have all been

demonstrated, and it is expected that this lateral

patterning approach is applicable to at least these

material systems. These are materials of great interest

for next-generation energy conversion devices, including

fuel cells, solar cells, batteries and more.

Important characteristics of an ALD precursor include

a low sublimation temperature, thermal stability against

decomposition in the gas phase, and good reactivity with

the desired oxidant. Metal precursors are typically

metalorganic compounds, in which the positive cation is

surrounded by negatively charged ligands. A great amount of

research is currently underway to develop new precursors

suitable for ALD. In order to facilitate the growth of a

many different materials, it is helpful to understand the

underlying chemistry on the atomic level. Accordingly, we



have developed techniques to evaluate precursors for

reactivity and stability using quantum simulations that

enable us to rapidly screen candidate precursors.

ALD reactions are often characterized by studying the

film growth rate (film thickness per cycle) as a function

of temperature. A typical growth curve for an ALD reaction

is illustrated in Fig 2 .

The self-limiting growth regime of ALD, which allows

digital control of thickness with the number of cycles, is

identified by the presence of an "ALD window" 204, in which

the growth rate is constant over a range of temperatures.

At temperatures above the ALD window (section 202 of the

growth curve) , the growth rate increases with temperature,

often due to decomposition of the precursor. This is the

regime of traditional metalorganic chemical vapor

deposition (MOCVD) . At temperatures below the ALD window

(section 206 of the growth curve) , the chemical reaction is

kinetically limited due to insufficient thermal energy to

overcome the activation barrier between the product and

reactant species.

An ALD reaction, like any chemical reaction, involves

a transition between two minima in the potential energy of

the system, namely the products and reactants. While the

thermodynamics of the reaction are dictated by the

difference in free energy between these two states, the

kinetics of the reaction are determined by the energy

required to pass through an intermediate transition state.

The energetics of a typical ALD reaction are illustrated in

Fig. 3 . In this example, the energy level of the reactants

is shown as 302, and the energy level of the products is

shown as 304. An energy barrier 306 (or 308) must be

overcome for the reaction to proceed from reactants to

products. According to the above-described principles,



application of a localized electric field and/or localized

charge transfer with an SPM tip can alter the height of the

energy barrier (e.g., reduce barrier 306 to barrier 308 on

Fig. 3 ), thereby locally enhancing the rate of ALD

reactions.

The simulations described below indicate that

localized electric fields and/or localized charge transfer

on a substrate can lower the activation barrier for the ALD

reaction. Therefore, by choosing environmental conditions

such that the kinetics of the ALD reaction will be severely

limited, and locally modifying the substrate using electric

fields and charges supplied by a conductive AFM tip, we can

lower the activation barrier for the ALD reaction in

specific locations. This will allow film growth to be

patterned with nanometer precision in the plane of the

substrate, while maintaining the excellent thickness

control of ALD.

To test the hypothesis that local fields and charge

transfer from a tip may influence the kinetics and

energetics of ALD reactions, density functional theory was

used to perform quantum simulations of the reaction process

of PbS deposition with Pb(tmhd) 2 (tmhd=C3HO2 (Bu ) 2 ) as the

precursor and H2S as the reactant. We have modeled the first

two steps in generation of a PbS overlayer by ALD on an OH

terminated silica surface. We have chosen to model the tmhd

precursor as C3H3O2, referred to as Hg, which should react

in substantially the same manner as the full precursor, and

the substrate was modeled as a Si cluster terminated in the

bulk by H atoms and OH groups on the surface.

The first step is shown in Fig. 4 , where 402 shows a

legend for chemical elements. Here a Pb(Ug) 2 precursor 404

adds to the surface 406 to generate a Pb(lig)i species 408,

chemically bound to one surface 0 atom and hydrogen bonded



to an adjacent OH, and a HgH species 410. This process is

computed to be endothermic by ~0.2 eV. Adsorption energy

varies with precursor chemistry, allowing use of materials

that will be stable at high temperatures.

Next we have considered the second ALD half-reaction,

whereby H2S 502 attacks the Pb-2ig bond in reactant 504 to

form product Pb-S-H 508 and remove the Hg-H. This

reaction is shown on Fig. 5 . The configuration at the

saddle point of the reaction is shown as 506. Reactant 504

on Fig. 5 has a slightly different configuration than

product 408 on Fig. 4 . It is assumed that this difference

does not significantly affect the results. From Fig. 5 it

is seen that in the product 508 an H atom has been

transferred to one O atom of the ligand and an SH group is

bound to the Pb atom. The hydrogenated ligand has larger

metal to ligand distances, which is expected since it is

isoelectronic with the -1 charged ligand. Without an

applied electric field we calculate a barrier of 0.8 eV for

this process; however, the application of an electric field

perpendicular to the surface is found to reduce this

barrier to zero. For these simulations, a field strength

of 0.01 atomic units or ~0.5 V/Angstrom was applied normal

to the surface. This is an appropriate field strength for

an STM or conductive AFM tip applying 1-10 V at a distance

of less than 2 nm from the surface. Thus, we expect that

application of a localized electric field can greatly

enhance the rate of H S addition.

By choosing chemical and thermal conditions such that

the ALD reaction is thermodynamically and/or kinetically

limited (such as low temperatures and reactions with high

activation barriers) we can prevent ALD growth in all areas

of the substrate except the area activated by the tip.

Also, by varying the precursor chemistry we can grow a



variety of materials. By combining the vertical control of

ALD with the lateral control of AFM we can achieve 3-D

control of quantum dot size, shape and stoichiometry .

We also performed quantum simulations on the Si-Pb-

tmhd system to consider the effect of change in oxidation

state on the metal-ligand binding energy as shown in Fig 6 .

Here 604 is a neutral configuration, 602 shows a +le

configuration, and 606 shows a -Ie configuration. Here it

is seen that the ligand to metal distance decreases upon

oxidation and increases upon reduction. This implies that

reduction may weaken the metal-ligand bond and lead to more

favorable kinetics for removing a ligand. Note that we find

the HgH species is isoelectronic with the reduced species

leading to a propensity to dissociate from Pb as discussed

above.

For the reduced (negatively charged) surface species

606 we find that the extra electron is located mainly on

the ligand, so that the ligand has a negative charge and

the Pb atom has a positive charge. Applying an electric

field perpendicular to the surface, with the correct

orientation to separate the ligand and Pb atom, results in

weakening or dissociating the Pb to ligand bond. Thus, the

process of reducing the surface followed by applying an

electric field should facilitate the removal of the ligand.



CLAIMS

1 . A method for performing area-selective atomic layer

deposition, the method comprising:

providing a substrate;

disposing a tip of a scanning probe microscope in

proximity to a surface of said substrate;

establishing an electrical potential difference

between said tip and said surface, which causes one or more

localized electrical effects to occur in proximity to said

tip;

providing deposition reactants to said substrate such

that self-limited reactions provide atomic layer by atomic

layer growth;

wherein deposition of said reactants on said substrate

occurs in a deposition pattern defined by said localized

electrical effects.

2 . The method of claim 1 , wherein said scanning probe

microscope is an atomic force microscope.

3 . The method of claim 1 , wherein said scanning probe

microscope is a scanning tunneling microscope.

4 . The method of claim 1 , wherein said localized electrical

effects have sufficient strength to define said deposition

pattern, but are sufficiently weak that said reactions

remain self-limited.



5 . The method of claim 1 , wherein said localized electrical

effects comprise one or more effects selected from the

group consisting of: DC electric field, AC electric field,

DC current flow, AC current flow, DC electronic charge

transfer, and AC electronic charge transfer.

6 . The method of claim 1 , wherein said localized electric

effects comprise a DC electric field, and wherein chemical

reaction rates of said self-limited reactions are enhanced

by said DC electric field.

7 . The method of claim 1 , wherein a tunneling current flows

between said tip and said substrate.

8 . The method of claim 1 , further comprising moving said

tip relative to said substrate during deposition.

9 . The method of claim 1 . further comprising holding said

tip fixed relative to said substrate during deposition.

10. The method of claim 1 , further comprising providing one

or more additional scanning probe microscope tips, each of

which controls where deposition occurs according to the

method of claim 1 .
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