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with a small molecular inhibitor (SMI), the substrate including a recess formed in a
dielectric layer and a first metal layer in the recess, the SMI covering a surface of the
first metal layer. The method further includes, after treating the substrate with the
SMLI, treating the substrate with a large molecular inhibitor (LMI), the LMI covering
sidewalls of the dielectric layer in the recess. The method further includes heating
the substrate to remove the SMI from the first metal layer and to expose the first
metal layer in the recess, where the LMI remains on the sidewalls after removing
the SMI from the first metal layer. The method further includes depositing a second
metal over the first metal layer in the recess, where the LMI covering the sidewalls
prevents deposition of the second metal on the dielectric layer.

[Continued on next page]



WO 2023/164685 A1 |10} 00 000 00RO 0O

SL, SK, SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

WO 2023/164685 PCT/US2023/063327

SELECTIVE INHIBITION FOR SELECTIVE METAL DEPOSITION

CROSS REFERENCE TO RELATED PATENTS AND APPLICATIONS

[0001] This application claims priority to and the benefit of the filing date of U.S.
Provisional Patent Application No. 63/315,062, filed February 28, 2022, and U.S. Non-
Provisional Patent Application No. 18/156,142, filed January 18, 2023, which applications

are incorporated herein by reference in their entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to methods of processing a substrate, and,

in particular embodiments, to selective inhibition for selective metal deposition.

BACKGROUND

[0003] Generally, a semiconductor device, such as an integrated circuit (IC) is fabricated
by sequentially depositing and patterning layers of dielectric, conductive, and semiconductor
materials over a substrate to form a network of electronic components and interconnect
elements (e.g., transistors, resistors, capacitors, metal lines, contacts, and vias) integrated in a
monolithic structure. Scaling efforts to increase the number of interconnect elements per unit
area are running into greater challenges as scaling enters nanometer-scale semiconductor
device fabrication nodes. Therefore, there is a desire for three-dimensional (3D)

semiconductor devices in which transistors are stacked on top of each other.

[0004] As device structures densify and develop vertically, the desire for precision
material processing, for example, during deposition and patterning, becomes more
compelling. Thus, further innovations are desired in various deposition techniques such as
chemical vapor deposition (CVD), physical vapor deposition (PVD), and atomic layer
deposition (ALD), to provide sufficient deposition rate, profile control, film conformality,

and film quality among others.
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SUMMARY

[0005] In accordance with an embodiment of the present invention, a method for
processing a substrate includes treating the substrate with a small molecular inhibitor (SMI),
the substrate including a recess formed in a dielectric layer and a first metal layer in the
recess, the SMI covering a surface of the first metal layer. The method further includes, after
treating the substrate with the SMI, treating the substrate with a large molecular inhibitor
(LMI), the LMI covering sidewalls of the dielectric layer in the recess. The method further
includes heating the substrate to remove the SMI from the first metal layer and to expose the
first metal layer in the recess, where the LMI remains on the sidewalls after removing the
SMI from the first metal layer. The method further includes depositing a second metal over
the first metal layer in the recess, where the LMI covering the sidewalls prevents deposition

of the second metal on the dielectric layer.

[0006] In accordance with an embodiment of the present invention, a method for
processing a substrate includes performing a cyclic chemical vapor deposition (CVD)
process, the substrate including a dielectric layer having a recess and a first metal layer at a
bottom of the recess. In accordance with the method, one cycle of the cyclic CVD process
includes treating the substrate with a small molecular inhibitor (SMI), the SMI covering a
surface of a second metal formed over the first metal layer, and treating the substrate with a
large molecular inhibitor (LMI) after treating the substrate with the SMI, the LMI covering
sidewalls of the dielectric layer in the recess. In accordance with the method, one cycle of the
cyclic CVD process includes heating the substrate to remove the SMI from over the second
metal and to expose the second metal, where the LMI remains on the sidewalls, and
depositing the second metal over the first metal layer in the recess, where the LMI covering

the sidewalls prevents deposition of the second metal on the dielectric layer.
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[0007] In accordance with an embodiment of the present invention, a method for
processing a substrate includes exposing the substrate to a first vapor including a small
molecular inhibitor (SMI), the substrate including a dielectric surface and a first metal
surface, the SMI adsorbing on the first metal surface selectively to the dielectric surface. The
method includes exposing the substrate to a second vapor including a large molecular
inhibitor (LMI), the LMI selectively adsorbing on the dielectric surface, the adsorbed SMI
preventing the LMI from adsorbing on the first metal surface. The method includes
removing the SMI from the first metal surface without removing the LMI from the dielectric
surface, and depositing a second metal over the first metal surface by chemical vapor
deposition (CVD), where a deposition rate over the first metal surface is at least 100 times as

high as a deposition rate over the dielectric surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0009] Figures 1A-1B schematically illustrate an impurity interface issue caused by a
conventional chemical vapor deposition (CVD) process for metal deposition, wherein
Figure 1A illustrates a cross sectional view of an example substrate during the conventional
CVD process, and Figure 1B illustrates a cross sectional view of the substrate after cycles of

the conventional CVD process;

[0010] Figures 2A-2H illustrate cross sectional views of a substrate at various stages of a
metal deposition process in accordance with various embodiments, wherein Figure 2A
illustrates an incoming substrate comprising a first metal layer and a dielectric layer with a

recess feature, Figure 2B illustrates the substrate after a pretreatment to expose the first metal
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layer, Figure 2C illustrates the substrate after a selective treatment with a small molecular
inhibitor (SMI), Figure 2D illustrates the substrate after a selective treatment with a large
molecular inhibitor (LMI), Figure 2E illustrates the substrate after removing the SMI,

Figure 2F illustrates the substrate after depositing a second metal, Figure 2G illustrates the
substrate after a metal nuclei removal etch, and Figure 2H illustrates the substrate after cycles

of the metal deposition process to fill the recess with the second metal;

[0011] Figures 3A-3D schematically illustrate step-wise area-selective surface
modification of the metal deposition process in accordance with one embodiment, wherein
Figure 3 A illustrates selective adsorption of the small molecular inhibitor (SMI) onto a metal,
Figure 3B illustrates selective adsorption of the large molecular inhibitor (LMI) onto silicon
oxide, Figure 3C illustrates selective removal of the SMI by a H» treatment, and Figure 3D

illustrates selective metal deposition onto the metal; and

[0012] Figures 4A-4C illustrate process flow diagrams of the methods of metal
deposition process in accordance with various embodiments, wherein Figure 4A illustrates an
embodiment, Figure 4B illustrates another embodiment, and Figure 4C illustrates yet another

embodiment.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0013] This application relates to methods of processing a substrate, more particularly to
selective metal deposition using two types of molecular inhibitors. Generally, conductive
materials are used in semiconductor devices to enable electrical connections between various
components. Although copper (Cu) has been used for interconnects in integrated circuits
(ICs) for decades, new conductive materials with lower electrical resistivity (e.g., Ru, Mo,
Co, and W) have been tested as superior candidates for applications such as sub-10 nm node

middle of line (MOL) and back end of line (BEOL) logic interconnects. Further, some of
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these new conductive materials, unlike Cu, may not require a diffusion barrier layer, which
advantageously simplifies the fabrication process. However, depositing and patterning these
metal materials with sufficient selectivity in high-aspect ratio (HAR) features at small scale
has been difficult. In order to fill a high HAR recess with a metal without any void or pinch-
off issues, bottom-up, selective metal deposition is desired. One solution is to use a molecular
inhibitor during a deposition process, which may preferentially deposit metal on a metal
surface compared to the inhibitor-covered surface of, for example, a dielectric. However, the
inhibitor may also adsorb on the metal surface to cause impurity issues and decrease the

metal deposition rate. Therefore, a new method for selective metal deposition may be desired.

[0014] Embodiments of the present application disclose methods of selective metal
deposition with two different molecular inhibitors: one for a metal surface and the other for a
dielectric surface. In various embodiments, the metal surface may first be treated and
passivated with a first molecular inhibitor (e.g., a small molecular inhibitor, SMI). The
dielectric surface may then be treated and passivated with a second molecular inhibitor (e.g.,
a large molecular inhibitor, LMI), where the presence of the SMI may prevent the undesired
LMI adsorption on the metal surface. After the passivation of the dielectric surface with the
LMI, the SMI may then be removed from the metal surface such that a subsequent metal
deposition process (e.g., CVD) may occur preferentially on the exposed metal surface while
the LMI prevents metal deposition on the dielectric. The methods may be applied as a cyclic

process to fill a high-aspect ratio (HAR) recess.

[0015] The methods described in this disclosure may advantageously improve the
selectivity of various metal deposition methods. With the improved selectivity, the methods
of metal deposition may overcome the impurity issue at metal-metal interfaces. The methods
may particularly be advantageous for fabrication processes for sub-10 nm node middle of line
(MOL) and back end of line (BEOL) logic interconnects, and may also enable using new

5
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metal materials such as Ru, Mo, Co, and W for these applications. Although various
embodiments of the methods are primarily described as CVD in this disclosure, the use of
two molecular inhibitors may also be applied in other methods such as atomic layer

deposition (ALD) and wet processes.

[0016] In the following, the impurity interface issue of conventional CVD methods is
first described referring to Figures 1A-1B. Subsequently, the steps of the CVD methods using
two molecular inhibitors are described referring to Figures 2A-2H and 3A-3D in accordance
with various embodiments. Example process flow diagrams are illustrated in Figure 4A-4C.
All figures in this disclosure are drawn for illustration purpose only and not to scale,

including the aspect ratios of features.

[0017] Figures 1A-1B schematically illustrate an impurity interface issue caused by a

conventional chemical vapor deposition (CVD) process for metal deposition.

[0018] In Figure 1A, a cross sectional view of an example substrate with a recess during
the conventional CVD process using a molecular inhibitor is illustrated, where the
conventional CVD process selectively deposits a second metal 104 over a first metal 102 to
fill the recess. Although the molecular inhibitor may prevent the metal deposition on
sidewalls, it may also form an impurity layer 106 (e.g., Si-containing) at an interface between
the first metal 102 and the second metal 104. When the conventional CVD process is
performed cyclically (Figure 1B), the impurity layer 106 may be formed at each metal-metal
interface. The impurity layer 106 is often detrimental to the quality of the metal
interconnects, and furthermore, it may also decrease the metal deposition rate during the
CVD process. The inventors of this application identified that this impurity issue is caused by
the undesired passivation of the metal surface by the molecular inhibitor. As further described

in the following referring to Figures 2A-2H and 3A-3D, the methods of metal deposition
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described in this disclosure may advantageously solve this impurity issue by pre-passivating
the metal surface with another molecular inhibitor that can be readily moved in a subsequent

step.

[0019] Figures 2A-2H illustrate cross sectional views of a substrate 100 at various stages
of a metal deposition process in accordance with various embodiments. The selective surface
modification of the metal deposition process is further schematically illustrated in

Figures 3A-3D, which will be described along with Figures 2C-2F, respectively.

[0020] Figure 2A illustrates a cross-sectional view of an incoming substrate 100. In
various embodiments, the substrate 100 may be a part of, or includes, a semiconductor
device, and may have undergone a number of steps of processing following, for example, a
conventional process. The substrate 100 accordingly may comprise layers of semiconductors
useful in various microelectronics. For example, the semiconductor structure may comprise

the substrate 100 in which various device regions are formed.

[0021] In one or more embodiments, the substrate 100 may be a silicon wafer, or a
silicon-on-insulator (SOI) wafer. In certain embodiments, the substrate 100 may comprise a
silicon germanium wafer, silicon carbide wafer, gallium arsenide wafer, gallium nitride wafer
and other compound semiconductors. In other embodiments, the substrate 100 comprises
heterogeneous layers such as silicon germanium on silicon, gallium nitride on silicon, silicon
carbon on silicon, as well layers of silicon on a silicon or SOI substrate. In various
embodiments, the substrate 100 is patterned or embedded in other components of the

semiconductor device.

[0022] As further illustrated in Figure 2A, the substrate 100 may comprise a recess 115
formed in a dielectric layer 110. In certain embodiments, the substrate 100 may further

comprise an etch stop layer (ESL) 120 as a bottom layer of the dielectric layer 110, and a first
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metal layer 130 at the bottom of the recess 115. As illustrated in Figure 2A, in one or more
embodiments, a surface oxide layer 135 may be present on the surface of the first metal

layer 130.

[0023] In various embodiments, the dielectric layer 110 may silicon oxide, a low
dielectric constant (low-k) material such as fluorinated silicon glass (FSG), carbon doped
oxide, a polymer, a SICOH-containing low-k material, a non-porous low-k material, a porous
low-k material, a CVD low-k material, a spin-on dielectric (SOD) low-k material, or any
other suitable dielectric material, including a high dielectric constant (high-k) material. In
certain embodiments, a critical dimension (CD) of the recess 115 may be between about 10
nm and about 65 nm for via dominant structure, or between about 10 nm and about 100 nm
for trench dominant in another embodiment. In one or more embodiments, the depth of the
recess 115 may be between about 40 nm and about 80 nm for single damascene structure, or
between about 80 nm and about 150 nm for dual damascene structure. In various
embodiments, the recess 115 may have an aspect ratio between about 4 and about 8 for single

damascene, or between about 6 and about 10 for dual damascene.

[0024] The first metal layer 130 may comprise a low-resistivity metal such as copper
(Cu), ruthenium (Ru), cobalt (Co), molybdenum (Mo) or tungsten (W). Although not
illustrated in Figure 2A, in certain embodiments, the first metal layer 130 may comprise two
or more stacked conductive layers. Examples of the stacked conductive layers include Co

metal on Cu metal (Co/Cu) and Ru metal on Cu metal (Ru/Cu).

[0025] The ESL 120 may comprise a dielectric such as silicon nitride, silicon oxynitride,
silicon carbide, or silicon carbonitride. The ESL 120 may be deposited using deposition
techniques such as vapor deposition including chemical vapor deposition (CVD), physical

vapor deposition (PVD), and atomic layer deposition (ALD), as well as other plasma
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processes such as plasma enhanced CVD (PECVD), sputtering, and other processes. In

certain embodiments, the thickness of the ESL 120 may be between 2 nm to 5 nm.

[0026] Figure 2B illustrates a cross sectional view of the substrate 100 after a

pretreatment to expose the first metal layer 130.

[0027] In various embodiments, prior to any treatment with molecular inhibitors for
selective metal deposition, the pretreatment may be performed to remove the surface oxide
layer 135 and to expose the first metal layer 130. The pretreatment may comprise treating the
surface oxide layer 135, for example, with a plasma comprising dihydrogen (Hz). In other
embodiments, the pretreatment may be skipped if the substrate 100 is already free from any

surface oxide.

[0028] Figure 2C illustrates a cross sectional view of the substrate after a selective

treatment with a small molecular inhibitor (SMI).

[0029] Figure 3 A illustrates selective adsorption of the SMI onto a metal in accordance

with one embodiment.

[0030] In Figure 2C, the substrate 100 may be treated with a small molecular inhibitor
(SMI) to selectively cover the exposed surface of the first metal layer 130, resulting in a
passivated first metal surface 140. In one embodiment, as illustrated in Figure 3A, the SMI
may only adsorb on a metal selectively to a dielectric surface such as silicon oxide. With the
SMI passivating the first metal layer 130, a subsequent step with another molecular inhibitor
may advantageously adsorb selectively on the dielectric layer 110. In various embodiments,
the SMI may be vaporized and delivered to the substrate 100 as a vapor diluted in a carrier
gas (e.g., N2), where the substrate temperature about room temperature may be maintained. In
one embodiment, this exposure with the SMI may be performed for 1-120 s with heated stage

or temperature-elevated techniques.
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[0031] In various embodiments, the SMI may comprise a nitrogen-containing compound,
and in certain embodiments, the nitrogen-containing compound comprises NH3, N2Ha, or an
aromatic compound. Examples of nitrogenous aromatic SMI include pyridine, pyrimidine,
pyrazine, pyrrole, imidazole, pyrazole, aniline, and benzotriazole (BTA). In other
embodiments, the SMI may comprise R-PO3H, R-COOH, R-SH, or R-SOx. In various
embodiments, any suitable molecular inhibitor may be used, where it satisfies the following
criteria: the SMI adsorbs on a metal layer (e.g., the first metal layer 130) selectively to other
layers (e.g., the dielectric layer 110); and the metal layer may be regenerated by a later
removal step for the SMI. In one or more embodiments, the SMI may be oxygen-free to

prevent any chance of oxygen interacting with the metal and cause impurity issues.

[0032] Figure 2D illustrates the substrate 100 after a selective treatment with a large

molecular inhibitor (LMI).

[0033] Figure 3B illustrates selective adsorption of the LMI onto a silicon oxide surface.

[0034] In Figure 2D, the substrate 100 may be treated with a large molecular inhibitor
(LMI). The LMI may selectively cover the exposed surface of the dielectric layer 110, both
sidewalls and a top horizontal surface, resulting in a passivated dielectric surface 150. The
presence of the SMI can prevent the undesired LMI adsorption on the first metal layer 130.
This is further illustrated in Figure 3B, where the LMI adsorbs only on the silicon oxide
surface. Although not wishing to be limited by any theory, the treatment with the LIM may
make the surface of the dielectric layer 110 more hydrophobic, which may be beneficial in
reducing deposition of a metal precursor during a metal deposition step. In various
embodiments, the LMI may be vaporized and delivered to the substrate 100 as a vapor diluted

in a carrier gas (e.g., N2). In certain embodiments, the treatment may be performed with a

10
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substrate temperature between about 80°C and about 250°C, and a process chamber pressure

of about 1-10 Torr, and a 1-120 s exposure time with no plasma excitation.

[0035] In various embodiments, the LMI comprises an alkyl silane, an alkoxysilane, an
alkyl alkoxysilane, an alkyl siloxane, an alkoxysiloxane, an alkyl alkoxysiloxane, an aryl
silane, an acyl silane, an aryl siloxane, an acyl siloxane, a silazane, dimethylsilane
dimethylamine (DMSDMA), trimethylsilane dimethylamine (TMSDMA),
bis(dimethylamino) dimethylsilane (BDMADMS), N,O bistrimethylsilyltrifluoroacetamide

(BSTFA), or trimethylsilyl-pyrrole (TMS-pyrrole).

[0036] In this disclosure, the first molecular inhibitor used for passivating the metal
surface (e.g., Figures 2C and 3A) is referred to as small molecular inhibitor (SMI) and the
second molecular inhibitor used for passivating the dielectric surface (e.g., Figures 2D and
3B) is referred to as large molecular inhibitor (LMI) because of their relative molecular size
in general. In one embodiment, a LMI may have a greater molecular weight than a SMI. In
another embodiment, a LMI may have a greater molecular volume or surface area than a
SMI. However, in various embodiments, as long as they enable sufficient selective

passivation of respective surfaces, molecular inhibitors with any molecular size may be used.

[0037] Figure 2E illustrates a cross sectional view of the substrate 100 after removing the

SMI.

[0038] Figure 3C illustrates selective removal of the SMI by a Hz treatment.

[0039] After the steps of treating with two molecular inhibitors (e.g., Figures 2C and 2D),
a SMI removal step may be performed. In various embodiments, the SMI removal step may
be an annealing process at a temperature below 400°C under an inert gas flow or a reductive

environment (e.g., H2). The reductive environment for the annealing process may

advantageously minimize undesired reaction of the metal in the first metal layer 130 such as

11
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nitridation and oxidation. In certain embodiments, the annealing temperature may be between
250°C and 400°C such that the annealing process may not exceed the thermal budget for the
target semiconductor device fabrication. As illustrated in Figures 2E and 3D, the annealing
process may selectively remove the SMI from the metal surface (e.g., the first metal

layer 130) while retaining the LMI on the dielectric surface (e.g., the dielectric layer 110).
With this selective SMI removal, the metal surface is recovered and accessible for the

subsequent metal deposition step.

[0040] Figure 2F illustrates a cross sectional view of the substrate 100 after depositing a

second metal 160.

[0041] Figure 3D illustrates selective metal deposition onto the metal.

[0042] In various embodiments, the metal deposition step may performed using chemical
vapor deposition (CVD), but in other embodiment, other techniques including wet process
may be used. The second metal 160 may comprise a low-resistivity metal such as Cu, Ru, Co,
or W. The second metal 160 may or may not be the same material used for the first metal
layer 130. Although not illustrated in Figure 2F, in certain embodiments, more than one metal
may be deposited to form an alloy or stacked conductive layers. Because the sidewalls and
top surface of the dielectric layer 110 is still passivated with the LMI, the second metal 160

may be selectively deposited over the first metal layer 130 and grow bottom-up.

[0043] In certain embodiments, Ru metal may be deposited by chemical vapor phase
deposition (CVD) or atomic layer deposition (ALD) using Ru-containing precursors.
Examples of Ru-containing precursors include Ru3(CO)12, (2,4-dimethylpentadienyl)
(ethylcyclopentadienyl) ruthenium (Ru(DMPD)(EtCp)), bis(2,4-dimethylpentadienyl)
ruthenium (Ru(DMPD),), 4-dimethylpentadienyl) (methylcyclopentadienyl) ruthenium

(Ru(DMPD)(MeCp)), and bis(ethylcyclopentadienyl) ruthenium (Ru(EtCp)z2), as well as

12
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combinations of these and other precursors. In one embodiment, the process condition for a
Ru metal CVD process may include a process gas containing Ruz(CO)12 and CO (e.g., a gas
flow ratio of about 1:100), a substrate temperature between about 100°C and about 250°C, a
process chamber pressure between about 1 mTorr and about 500 mTorr, and a 400 s exposure
without plasma excitation that deposits between about 10 nm and 20 nm of Ru metal on the

metal surface.

[0044] In various embodiments, as further illustrated in Figure 2F, the metal deposition
step may fill a portion of the recess 115, for example, about a fourth of the initial depth of the
recess 115. In other embodiments, the recess 115 may be completely filled with one metal
deposition step. In certain embodiments, the metal deposition step may be terminated at a
certain height to avoid excessive formation of metal nuclei 165 over the dielectric layer 110.
These metal nuclei 165 may be formed due to adsorption of the metal precursor on the LMI
or imperfect passivation of the dielectric layer 110 by the LMI. The metal nuclei 165 over the
dielectric layer 110, especially over the sidewalls, may lead to lateral growth of the second
metal 160, potentially creating voids in the second metal 160 and causing pinch-off issues.
Accordingly, in various embodiments, the metal deposition step may be performed as a cyclic
process including a metal nuclei removal etch as described below (Figure 2G), and the

recess 115 may be filled with the cycles of the metal deposition process.

[0045] Figure 2G illustrates a cross sectional view of the substrate 100 after a metal

nuclei removal etch.

[0046] To minimize the undesired lateral metal growth, following the metal deposition
step, the metal nuclei removal etch may be performed to clean the sidewalls and top surface
of the dielectric layer 110. It may be preferable to remove the metal nuclei 165 before they

become too large and more difficult to remove efficiently. As illustrated in Figure 2G, after

13
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the metal nuclei removal etch, the LIM may also be removed from the dielectric layer 110. In
certain embodiments, the metal nuclei removal etch may be performed using reactive ion
etching (RIE), for example using plasma-excited Oz gas and optionally adding a halogen-
containing gas (e.g., Cl2). In one embodiment, the process conditions for the O2-Clz RIE for
the metal nuclei removal etch may include an etching comprising Oz and Clz (e.g., a gas flow
ratio of about 100:1), a substrate temperature between about room temperature and about
370°C, plasma excitation using a capacitively coupled plasma (CCP) source with about

1200 W of RF power applied to a top electrode and between about 0 W and about 300 W of
RF power applied to a bottom electrode, a process chamber pressure of about 5 mTorr, and a
40 s exposure time to remove the equivalent of about 5 nm of metal nuclei. In certain
embodiments, the metal nuclei removal etch may be performed using chemical vaper etching
(CVE). In another embodiment, a treatment with ozone (O3) gas may also be used for the
metal nuclei removal etch. The ozone for the ozone treatment may be generated from
dioxygen (0O2) gas with UV excitation with an example process conditions as follows: process
temperature between about 50°C and 200°C; pressure range between about 500 mT to

10 Torr diluted with Ar gas; ozone exposure duration between 1 s to 60 s; and ozone density
between 100 g/m? and 300 g/m?. The ozone treatment can be applied onto BEOL
metallization without causing damage on low-k dielectric and may be advantageous over a

Oz-plasma-based RIE.

[0047] In other embodiments, although not illustrated, the metal deposition (Figure 2F)
may be achieved without any metal nuclei (e.g., the metal nuclei 165 in Figure 2F) over the
sidewall of the dielectric layer 110, and in these cases, the metal nuclei removal etch may be
skipped. In certain embodiments, the LMI may not completely stop metal deposition over the

dielectric layer 110, while it may substantially slow the deposition rate. In one example, the
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deposition rate over the first metal layer 130 may be at least 100 times as high as the

deposition rate over the dielectric layer 110.

[0048] Figure 2H illustrates a cross sectional view of the substrate 100 after cycles of the

metal deposition process to fill the recess 115 with the second metal 160.

[0049] In various embodiments, the methods of selective metal deposition process may
be performed as a cyclic process by repeating the steps of selective SMI treatment (e.g.,
Figures 2C and 3A), selective LMI treatment (e.g., Figures 2D and 3B), selective SMI
removal (e.g., Figures 2E and 3C), metal deposition (e.g., Figures 2F and 3D), and metal
nuclei removal etch (e.g., Figure 2G). Each cycle of the selective metal deposition process
may fill a portion of the recess 115 with the second metal 160, and may be repeated until the
recess 115 is completely filled. As illustrated in Figure 2H, the filled recess may be free from
impurity unlike the case with the conventional method illustrated in Figures 1A and 1B. In
one embodiment, the impurity level (e.g., Si) in the filled recess may be below a detection
limit (e.g., = 0.1 atom %)) of a common technique such as elemental analysis or X-ray
photoelectron spectroscopy (XPS). Further, the filled recess may be void-free. In one
embodiment, the recess 115 may be completely filled by four cycles of the selective metal
deposition process, but in other embodiments, any number of cycles may be performed. In
certain embodiments, process conditions for the steps of the selective metal deposition
process may be adjusted for each cycle in view of the aspect ratio of the remaining recess.
For example, the exposure time for the metal deposition for the first cycle may be shorter
than those for the subsequent cycles because the metal nuclei formation over the sidewalls
may be more likely to occur due to higher surface area. In certain embodiments, the cycles of
the selective metal deposition process may use more than one deposition technique since the
use of two molecular inhibitors in the methods is not limited to any particular deposition

technique. In various embodiments, each step of selective metal deposition process (e.g.,
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Figures 2A-2H) may be performed within the thermal budget for the target semiconductor

device fabrication, for example, below 400°C.

[0050] Figures 4A-4C illustrate process flow diagrams of the methods of metal
deposition process in accordance with various embodiments. The process flow can be
followed with the figures (Figures 2C-2G) discussed above and hence will not be described

again.

[0051] In Figure 4A, a process flow 40 starts with treating a substrate with a small
molecular inhibitor (SMI), where the substrate comprises a recess formed in a dielectric layer
and a first metal layer in the recess (block 410, Figure 2C). The surface of the first metal
layer may be selectively covered with the SMI. After treating the substrate with the SMI, the
substrate may then be treated with a large molecular inhibitor (LMI) to cover sidewalls of the
dielectric layer in the recess (block 420, Figure 2D). Subsequently, the substrate may be
heated to remove the SMI from the first metal layer and to expose the first metal layer in the
recess, while the LMI remains on the sidewalls (block 430, Figure 2E). A second metal may
then be selectively deposited over the first metal layer in the recess, where the LMI covering
the sidewalls prevents deposition of the second metal on the dielectric layer (block 440,

Figure 2F).

[0052] In Figure 4B, a cyclic chemical vapor deposition (CVD) process 42 starts with
treating a substrate with a SMI to cover a surface of a metal (e.g., a first metal layer in a first
cycle of the cyclic CVD process and a surface of a second metal in subsequent cycles)
(block 412, Figure 2C). The substrate may comprise a dielectric layer having a recess and the
first metal layer exposed at a bottom of the recess. After treating the substrate with the SMI,
the substrate may then be treated with a LMI to cover sidewalls of the dielectric layer in the

recess (block 422, Figure 2D). Subsequently, the substrate may be heated to remove the SMI
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from the first metal layer and to expose the first metal layer in the recess, where the LMI
remains on the sidewalls (block 432, Figure 2E). A second metal may then be selectively
deposited over the first metal layer in the recess, where the LMI covering the sidewalls
prevents deposition of the second metal on the dielectric layer (block 442, Figure 2F). These
steps (blocks 412, 422, 432, and 442) may be cyclically repeated in certain embodiments. In
other embodiments, where depositing the second metal deposits second metal nuclei on a
portion of the sidewalls, an additional etch may be inserted in one or more of the cycles of the
cyclic CVD process to remove the second metal nuclei from the portion of the sidewalls

(block 452, Figure 2G).

[0053] In Figure 4C, another process flow 44 starts with exposing a substrate to a first
vapor comprising a SMI, where the substrate comprises a recess formed in a dielectric layer
and a first metal layer in the recess (block 414, Figure 2C). The SMI adsorbs on the first
metal layer selectively to sidewalls of the dielectric layer in the recess. The substrate may
then be exposed to a second vapor comprising a LMI (block 424, Figure 2D), where the LMI
selectively adsorbs on the sidewalls and the adsorbed SMI preventing the LMI from
adsorbing on the first metal layer. Subsequently, the SMI may be removed from the first
metal layer without removing the LMI from the sidewalls (block 434, Figure 2E). A second
metal may then be selectively deposited over the first metal layer in the recess by CVD,
where the LMI covering the sidewalls prevents deposition of the second metal on the

dielectric layer (block 444, Figure 2F).

[0054] The selective metal deposition using two types of molecular inhibitors in various
embodiments may advantageously eliminate or minimize the impurity issues from inhibitor
contamination. The methods are particularly useful for vapor metal deposition to fill a high-
aspect ratio (HAR) recess for applications such as sub-10 nm node middle of line (MOL) and
back end of line (BEOL) logic interconnects, where the impurity, even at a very low level,
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hampers the conductivity and thereby device performance. Although the disclosure primarily
describes embodiments for chemical vapor deposition of a low-resistivity metal (e.g., Cu, Ru,
Co, and W), the methods may also be applied to atomic layer deposition (ALD) or other
deposition techniques. Further, in certain embodiments, the methods may be used to deposit
metal compounds (e.g., metal oxide and metal nitride), where the step of selective metal
deposition may be followed by an additional treatment to convert the deposited metal into the

metal compounds.

[0055] Example embodiments of the invention are summarized here. Other embodiments

can also be understood from the entirety of the specification as well as the claims filed herein.

[0056] Example 1. A method for processing a substrate includes treating the substrate
with a small molecular inhibitor (SMI), the substrate including a recess formed in a dielectric
layer and a first metal layer in the recess, the SMI covering a surface of the first metal layer.
The method further includes, after treating the substrate with the SMI, treating the substrate
with a large molecular inhibitor (LMI), the LMI covering sidewalls of the dielectric layer in
the recess. The method further includes heating the substrate to remove the SMI from the first
metal layer and to expose the first metal layer in the recess, where the LMI remains on the
sidewalls after removing the SMI from the first metal layer. The method further includes
depositing a second metal over the first metal layer in the recess, where the LMI covering the

sidewalls prevents deposition of the second metal on the dielectric layer.

[0057] Example 2. The method of example 1, where the substrate further includes a
surface oxide layer over the first metal layer, and where the method further includes, prior to
treating the substrate with the SMI, removing the surface oxide layer to expose the first metal

layer in the recess.
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[0058] Example 3. The method of one of examples 1 or 2, where depositing the second
metal deposits second metal nuclei on a portion of the sidewalls, further including removing

the second metal nuclei.

[0059] Example 4. The method of one of examples 1 to 3, where depositing the second
metal is achieved bottom-up from the first metal layer without the second metal growing

from the dielectric layer.

[0060] Example 5. The method of one of examples 1 to 4, where heating the substrate

includes heating the substrate to a temperature between 250°C and 400°C.

[0061] Example 6. The method of one of examples 1 to 5, where heating the substrate

including exposing the substrate to a gas including dihydrogen (H2).

[0062] Example 7. The method of one of examples 1 to 6, where the SMI includes a

nitrogen-containing compound.

[0063] Example 8. The method of one of examples 1 to 7, where the nitrogen-containing

compound includes NH3, N2H4, or an aromatic compound.

[0064] Example 9. The method of one of examples 1 to 8, where the SMI includes R-

POsH, R-COOH, R-SH, or R-SOx.

[0065] Example 10. The method of one of examples 1 to 9, where the LMI includes an
alkyl silane, an alkoxysilane, an alkyl alkoxysilane, an alkyl siloxane, an alkoxysiloxane, an
alkyl alkoxysiloxane, an aryl silane, an acyl silane, an aryl siloxane, an acyl siloxane, a
silazane, dimethylsilane dimethylamine (DMSDMA), trimethylsilane dimethylamine
(TMSDMA), bis(dimethylamino) dimethylsilane (BDMADMS), N,O

bistrimethylsilyltrifluoroacetamide (BSTFA), or trimethylsilyl-pyrrole (TMS-pyrrole).
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[0066] Example 11. The method of one of examples 1 to 10, where the first metal layer

includes Ru, Co, or W, and where the second metal includes Cu, Ru, Co, or W.

[0067] Example 12. A method for processing a substrate includes performing a cyclic
chemical vapor deposition (CVD) process, the substrate including a dielectric layer having a
recess and a first metal layer at a bottom of the recess. In accordance with the method, one
cycle of the cyclic CVD process includes treating the substrate with a small molecular
inhibitor (SMI), the SMI covering a surface of a second metal formed over the first metal
layer, and treating the substrate with a large molecular inhibitor (LMI) after treating the
substrate with the SMI, the LMI covering sidewalls of the dielectric layer in the recess. In
accordance with the method, one cycle of the cyclic CVD process includes heating the
substrate to remove the SMI from over the second metal and to expose the second metal,
where the LMI remains on the sidewalls, and depositing the second metal over the first metal
layer in the recess, where the LMI covering the sidewalls prevents deposition of the second

metal on the dielectric layer.

[0068] Example 13. The method of example 12, where depositing the second metal
deposits second metal nuclei on a portion of the sidewalls, and where one of the cyclic CVD

process further includes removing the second metal nuclei from the portion of the sidewalls.

[0069] Example 14. The method of one of examples 12 or 13, where the cyclic CVD

process fills the recess without forming any void.

[0070] Example 15. The method of one of examples 12 to 14, where the LMI includes a
silane, and the second metal that fills the recess is without any detectable silicon or silane

impurity.

[0071] Example 16. A method for processing a substrate includes exposing the substrate

to a first vapor including a small molecular inhibitor (SMI), the substrate including a
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dielectric surface and a first metal surface, the SMI adsorbing on the first metal surface
selectively to the dielectric surface. The method includes exposing the substrate to a second
vapor including a large molecular inhibitor (LMI), the LMI selectively adsorbing on the
dielectric surface, the adsorbed SMI preventing the LMI from adsorbing on the first metal
surface. The method includes removing the SMI from the first metal surface without
removing the LMI from the dielectric surface, and depositing a second metal over the first
metal surface by chemical vapor deposition (CVD), where a deposition rate over the first

metal surface is at least 100 times as high as a deposition rate over the dielectric surface.

[0072] Example 17. The method of example 16, where the removing includes treating the
substrate with a gas including dihydrogen (H2) at a substrate temperature between 250°C and

400°C.

[0073] Example 18. The method of one of examples 16 or 17, where the first metal layer

includes Ru, Co, Mo, or W, and where the second metal includes Cu, Ru, Co, Mo, or W.

[0074] Example 19. The method of one of examples 16 to 18, where the SMI is silicon-

free and the LMI includes silicon.

[0075] Example 20. The method of one of examples 16 to 19, where the substrate
includes a recess, the recess includes the dielectric surface as sidewalls and the first metal
surface as a bottom surface, the recess having a critical dimension (CD) between 10 nm and

650 nm.

[0076] While this invention has been described with reference to illustrative
embodiments, this description is not intended to be construed in a limiting sense. Various
modifications and combinations of the illustrative embodiments, as well as other

embodiments of the invention, will be apparent to persons skilled in the art upon reference to
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the description. It is therefore intended that the appended claims encompass any such

modifications or embodiments.
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WHAT IS CLAIMED IS:
1. A method for processing a substrate, the method comprising:

treating the substrate with a small molecular inhibitor (SMI), the substrate comprising
a recess formed in a dielectric layer and a first metal layer in the recess, the SMI covering a
surface of the first metal layer;

after treating the substrate with the SMI, treating the substrate with a large molecular
inhibitor (LMI), the LMI covering sidewalls of the dielectric layer in the recess;

heating the substrate to remove the SMI from the first metal layer and to expose the
first metal layer in the recess, wherein the LMI remains on the sidewalls after removing the
SMI from the first metal layer; and

depositing a second metal over the first metal layer in the recess, wherein the LMI

covering the sidewalls prevents deposition of the second metal on the dielectric layer.

2. The method of claim 1, wherein the substrate further comprises a surface oxide layer
over the first metal layer, further comprising, prior to treating the substrate with the SMI,

removing the surface oxide layer to expose the first metal layer in the recess.

3. The method of claim 1, wherein depositing the second metal deposits second metal

nuclei on a portion of the sidewalls, further comprising removing the second metal nuclei.

4. The method of claim 1, wherein depositing the second metal is achieved bottom-up

from the first metal layer without the second metal growing from the dielectric layer.

5. The method of claim 1, wherein heating the substrate comprises heating the substrate

to a temperature between 250°C and 400°C.

6. The method of claim 1, wherein heating the substrate comprising exposing the

substrate to a gas comprising dihydrogen (Hz).
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7. The method of claim 1, wherein the SMI comprises a nitrogen-containing compound.

8. The method of claim 7, wherein the nitrogen-containing compound comprises NH3,

N2Ha, or an aromatic compound.

9. The method of claim 1, wherein the SMI comprises R-PO3H, R-COOH, R-SH, or R-

SOx.

10. The method of claim 1, wherein the LMI comprises an alkyl silane, an alkoxysilane,
an alkyl alkoxysilane, an alkyl siloxane, an alkoxysiloxane, an alkyl alkoxysiloxane, an aryl
silane, an acyl silane, an aryl siloxane, an acyl siloxane, a silazane, dimethylsilane
dimethylamine (DMSDMA), trimethylsilane dimethylamine (TMSDMA),
bis(dimethylamino) dimethylsilane (BDMADMS), N,O bistrimethylsilyltrifluoroacetamide

(BSTFA), or trimethylsilyl-pyrrole (TMS-pyrrole).

11. The method of claim 1, wherein the first metal layer comprises Ru, Co, or W, and

wherein the second metal comprises Cu, Ru, Co, or W.

12. A method for processing a substrate, the method comprising:
performing a cyclic chemical vapor deposition (CVD) process, the substrate

comprising a dielectric layer having a recess and a first metal layer at a bottom of the recess,
one cycle of the cyclic CVD process comprising:

treating the substrate with a small molecular inhibitor (SMI), the SMI covering a
surface of a second metal formed over the first metal layer;

after treating the substrate with the SMI, treating the substrate with a large
molecular inhibitor (LMI), the LMI covering sidewalls of the dielectric layer in the recess;

heating the substrate to remove the SMI from over the second metal and to expose

the second metal, wherein the LMI remains on the sidewalls; and
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depositing the second metal over the first metal layer in the recess, wherein the

LMI covering the sidewalls prevents deposition of the second metal on the dielectric layer.

13. The method of claim 12, wherein depositing the second metal deposits second metal
nuclei on a portion of the sidewalls, and wherein one of the cyclic CVD process further

comprises removing the second metal nuclei from the portion of the sidewalls.

14. The method of claim 12, wherein the cyclic CVD process fills the recess without

forming any void.

15. The method of claim 12, wherein the LMI comprises a silane, and the second metal

that fills the recess is without any detectable silicon or silane impurity.

16. A method for processing a substrate, the method comprising:

exposing the substrate to a first vapor comprising a small molecular inhibitor (SMI),
the substrate comprising a dielectric surface and a first metal surface, the SMI adsorbing on
the first metal surface selectively to the dielectric surface;

exposing the substrate to a second vapor comprising a large molecular inhibitor
(LMI), the LMI selectively adsorbing on the dielectric surface, the adsorbed SMI preventing
the LMI from adsorbing on the first metal surface;

removing the SMI from the first metal surface without removing the LMI from the
dielectric surface; and

depositing a second metal over the first metal surface by chemical vapor deposition
(CVD), wherein a deposition rate over the first metal surface is at least 100 times as high as a

deposition rate over the dielectric surface.

17. The method of claim 16, wherein the removing comprises treating the substrate with a

gas comprising dihydrogen (H>) at a substrate temperature between 250°C and 400°C.
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18. The method of claim 16, wherein the first metal layer comprises Ru, Co, Mo, or W,

and wherein the second metal comprises Cu, Ru, Co, Mo, or W.

19. The method of claim 16, wherein the SMI is silicon-free and the LMI comprises

silicon.

20. The method of claim 16, wherein the substrate comprises a recess, the recess
comprises the dielectric surface as sidewalls and the first metal surface as a bottom surface,

the recess having a critical dimension (CD) between 10 nm and 65 nm.
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