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ABSTRACT: Integrated circuits are presently constructed using top-down
strategies composed of multiple etching and lithographic steps. As the feature
sizes of these devices approach single-digit nm scales, existing fabrication methods
introduce defects which require further corrective steps and are rapidly becoming
ineffective for industry needs. To meet future scaling requirements, bottom-up
fabrication methods which leverage differences in the local surface environment
such as area-selective atomic layer deposition (AS-ALD) are promising but have
been limited by the surface-binding energies of adsorbates. N-heterocyclic
carbenes (NHCs) have shown excellent bonding to metal surfaces and are
presented herein as next-generation carbon-based small molecule inhibitors
(SMIs) for use in AS-ALD processes. NHCs demonstrate a preference for
adsorbing onto metal surfaces over dielectric materials and enable the selective
deposition of ZnO onto SiO2 bands. NHC-based SMIs can be effectively removed
by either thermal annealing at 350 °C or plasma treatment using hydrogen at 800 W for 60 s.

■ INTRODUCTION
Metallic surfaces, nanoparticles, nanoclusters, and single-atom
molecular metal complexes are typically functionalized by
organic ligands to stabilize and protect the reactive metal
surfaces.1−4 In the world of small molecules, ligands such as
phosphines and N-heterocyclic carbenes (NHCs) are
frequently used,5−8 while metal surfaces and nanomaterials
are typically protected with thiol-based ligands.1,9,10 Recent
studies from our group and others have demonstrated that
NHCs are unique in their ability to react with and protect
metals at all size regimes.11−26

Most of the work reported to date describing NHC
overlayers on planar surfaces has focused on coinage metals,
with platinum being the only reactive metal explored outside of
this group.13,14,16,27 This is despite the fact that molecular
chemistry and nanoparticle work suggest that NHCs should
form strong bonds to reactive metals such as Ru, Co, and other
d-block metals (Figure 1A).28−32 These surfaces have
considerable importance in catalysis, but they are also poised
to play a significant role in the construction of next-generation
integrated circuits (ICs) for the semiconductor industry.33−36

Both Co and Ru exhibit superior electrical and thermal
conductivities when compared to Cu and are being explored to
replace copper as an interconnect metal in the nanoregime.
The reduced resistance and enhanced heat dissipation
properties of Ru and Co contribute to improved device
performance and energy efficiency.36−39 Co and Ru are less

susceptible to electromigration and diffusion, mitigating
reliability issues that have always plagued Cu-based inter-
connects.36,40−42 They are also superior to copper since they
are not subject to decreases in conductivity at low
dimensions.43

Modern integrated circuits (ICs) are built using complex
three-dimensional nanostructures of interwoven metal and
dielectric components, which require multiple repetitive steps
of deposition, top-down patterning via masking and photo-
lithography, and etching.34,44,45 Devices featuring 3 nm
processes are being put into production this year.46 At these
nanometer length scales, existing fabrication methods and
materials are problematic. Specifically, issues related to top-
down lithographic mask misalignment (e.g., edge placement
errors, EPE, Figure 1B) pose a serious threat to the production
of these devices.34,44,47

Atomic layer deposition (ALD) is a powerful bottom-up
deposition technique that enables thin film growth with
excellent conformality and atomic-level control over film
thickness.48 Area-selective ALD (AS-ALD) in particular
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(Figure 1B) has been explored to supplement lithography and
reduce the use of chemical mechanical planarization.44,49 AS-
ALD leverages the differences in local surface energies by
deactivating specific areas using small molecule inhibitors
(SMIs), while other areas are built up.44,49−53 This type of
molecular mask has the potential to provide lateral precision at
the scale of a single molecule.
The most widely examined SMIs for the protection of metal

surfaces are thiol-based, providing selective functionalization
and protection of metal surfaces.51,52,54 However, thiols are
prone to decomposition in oxidative environments, which
leads to a loss of protective function and undesired growth on
deactivated areas.55,56 They can also form metal sulfides upon
decomposition,57,58 resulting in electron-rich sulfur impurities
that cause high-resistance impurities in interconnects that
diminish performance.51 Due to the current issues with thiols,
an urgent need arises to develop alternative SMIs for the
protection of metal surfaces during device manufacturing.
Herein, we report our investigation into the use of NHCs to

protect reactive metals, including those relevant to IC
manufacturing. We show that NHCs are easily delivered in
the gas phase and selectively functionalize Au, Co, and Ru
surfaces in the presence of SiO2 and Al2O3 dielectrics. NHC
overlayers providing protection to the metallic regions during
ZnO deposition and growth on dielectrics are demonstrated.
The use of thermal annealing to improve selectivity at lower
temperatures (175 °C) and cleanly remove the SMI at elevated
temperatures or with plasma (>350 °C or 800 W, 60 s) is also
presented. This collection of results underscores the potential
of NHCs as SMIs for the next generation of AS-ALD
processes.

■ RESULTS AND DISCUSSION
Self-assembled monolayers (SAMs) of NHCs prepared by
deposition under ultrahigh vacuum conditions have been
studied by several groups resulting in densely packed films with
excellent thermal and chemical stability.13,14,17,21,59,60 Small
changes to the N-substituents and backbones can result in
large changes in order and surface packing density, with
codeposition experiments revealing the importance of

intermolecular (likely CH−π) interactions to the formation
of well-ordered SAMs.13,14,17,25,59,61

These characteristics suggested that NHCs would be good
candidates for ALD processes; however, a detailed analysis of
their thermal characteristics is lacking in the literature and
deposition under more moderate vacuum conditions has not
been described. Understanding their behavior on noncoinage
metals is also critical. We began with an examination of
bicarbonate benzimidazolium salts, as they are shelf-stable salts
that can cleanly generate the free carbene in the gas phase via
the liberation of H2O and CO2 (Figure 1C). This work
focused on NHC precursors iPrNHCCF3·HCO3, which has a
backbone CF3 functional group, a substituent that has proven
valuable as a spectroscopic handle appended to iPrNHC·
HCO3.

27,59,61−63

The thermal properties of these NHC precursors were
examined by thermal gravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC; Figures 2 and S1). TGA is a
particularly useful method to measure thermal events like

Figure 1. (A) Vapor deposition of NHCs onto metal surfaces. (B) Current top-down lithographic techniques that result in edge placement errors
(EPEs). (C) Thermal activation of bicarbonate imidazolium salts to generate the free carbene with vapor deposition of NHCs as small molecule
inhibitors (SMIs) on patterned metal/dielectric surfaces. Subsequent dielectric deposition is inhibited by the NHC monolayers enabling precise
deposition of dielectric material.

Figure 2. TGA traces of iPrNHCCF3·HCO3 and iPrNHC·HCO3 (left).
One Torr vapor pressure plots of iPrNHCCF3·HCO3 and iPrNHC·
HCO3 (right).
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vaporization and decomposition under conditions that are
relevant to vapor deposition. Samples are weighed while
subjected to a programmable thermal profile (typically a
thermal ramp). In the case of iPrNHCCF3·HCO3, heating at a
ramp rate of 10 °C/min to 400 °C provides a thermogram
showing several thermal events attributed to the liberation of
H2O and CO2 at 78 and 115 °C, followed by the onset of
volatilization of the free carbene iPrNHCCF3 at 125 °C. The
TGA trace for iPrNHC·HCO3 showed the mass loss events of
H2O and CO2 at 91 and 117 °C, respectively, followed by the
volatilization of the free carbene (iPrNHC). iPrNHCCF3 and
iPrNHC feature wide thermal windows (i.e., the temperature
range between the onset of volatility and the onset of thermal
decomposition) of 135 and 125 °C, respectively, and therefore
are well-suited for vapor-phase depositions, as in ALD
applications. To quantify the volatility, a model employing
the rate of mass loss curve is used to derive vapor pressure
plots.64,65 Fitting the data against the Langmuir equation
enables the determination of the temperature at which the
precursor has a vapor pressure of 1 Torr (TV; Figure 2). The
determination of the 1 Torr vapor pressure for iPrNHCCF3 and
iPrNHC is 110.6 and 109.2 °C, respectively, owing to the lower
pressure conditions and the removal of CO2 upon the
formation of the carboxylate intermediate as part of the
carboxylate and free carbene equilibrium.63

Vapor deposition behavior of NHCs was studied through a
series of quartz crystal microbalance (QCM) saturation
experiments on gold as a model substrate (Figures S20 and
S21). The pulsed exposure of each NHC studied resulted
initially in linear growth regimes until saturation, yielding areal
densities of 3.4 and 3.2 NHC/nm2 for iPrNHCCF3 and iPrNHC,
respectively. These values closely align with previously
recorded densities of NHC surfactants on similar amorphous
surfaces (3.92 ± 0.12 NHC/nm2).12,62 Continued exposure led
to an increase in these areal densities, suggesting the formation
of multiple layers following the saturated monolayer is possible
under these conditions. After saturation of the monolayer, the

rate of deposition significantly decreases and implies that the
shift in kinetics of the deposition of bi- and multilayer
formation is much less favorable. From these observations, we
have optimized the deposition conditions to 100 cycles of a 0.1
s pulse time of the corresponding NHC, followed by a 10 s
purge to primarily maintain the window of monolayer
formation.
We then explored the deposition of NHCs on Co and Ru

films because they have been identified for their potential use
in next-generation devices. Au substrates were employed as a
reference metal since much of the NHC-on-metal work has
employed gold.15,18,27 Vapor deposition conditions were
optimized in a commercial ALD tool, and the resulting films
were characterized using X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS).
Deposition of iPrNHCCF3on Au surfaces results in an N(1s)

signal as a single peak at 400.4 eV, consistent with prior reports
of the deposition of related NHCs (Figure S13).13,19,66,67 The
presence of the CF3 substituent was confirmed by the
observation of a monomodal signal at 688.1 eV F(1s)
(Supporting Information, SI). Deposition of iPrNHC was
carried out under the same conditions, with XPS confirming
the presence of the NHC on support through a signal at 400.1
eV.
The higher stability of oxides on the surfaces of Co and Ru

by comparison to Au meant that a robust in-tool surface
cleaning procedure had to be developed (SI). On these Ru and
Co surfaces, we deposited iPrNHCCF3 and iPrNHC using
optimized conditions. The resulting samples were analyzed by
XPS, giving N(1s) signals in the expected area (iPrNHCCF3 Co,
Ru; 400.5, 400.4 eV and iPrNHC on Co, Ru; 400.3, 400.2 eV)
(Figure 3A). An additional peak at 397.8 eV on Co surfaces is
attributed to an adventitious nitrogen species present in the
underlying film. Similar results were obtained for the
deposition of the unfunctionalized iPrNHC, indicating that
the surface chemistry and binding characteristics of these NHC

Figure 3. (A) Summary of XPS analysis completed for optimized ALD of iPrNHCCF3 and iPrNHC on Co and Ru substrates. The secondary ion
mass spectrum of (B) iPrNHC deposition on a Co substrate with ions signals for M+, loss of wingtip groups (C) iPrNHCCF3 deposition on a Co
substrate with ions signals for M+, loss of wingtip groups and (D) iPrNHC deposition on a SiOx substrate with minimal M+ ion signal. (E) ToF-
SIMS image of selective deposition of iPrNHC on Au regions onto a variable patterned Au/SiO2 substrate.
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derivatives on Co and Ru surfaces are consistent across
different functional groups, as shown in Figure 3B.
ToF-SIMS has the potential to provide the precise molecular

formula of any surface species and is an ideal analytical
technique for the evaluation of monolayers/thin films.
Representative ToF-SIMS data for NHC depositions on a
Co substrate are shown in Figure 3. Molecular ions that
correspond to iPrNHC ([M + H]+ = 203 m/z) were clearly
observed on the metal surface (Figure 3B), and traces of the
urea derived from the oxidation of iPrNHC were also detected
on some samples (218 m/z) (Figure S6). This species was also
observed when copper oxides were reduced with iPrNHC and
likely were produced by the reaction of the NHC with residual
surface oxides.68 The molecular ion of iPrNHCCF3 was observed
([M + H]+ = 271 m/z) along with the benzimidazole core
(187 m/z) and CF3 fragments (118 m/z; Figure 3C).
Having demonstrated that NHCs can be deposited on

reactive metal surfaces, we aimed to establish the selectivity of
their deposition in the presence of insulating/dielectric
surfaces. Selective deposition is critical in the application of
NHCs as small molecule inhibitors since they must protect the
metal surface while leaving the dielectric uncovered, enabling
growth on the latter in a subsequent deposition process. As an
initial selectivity probe, we examined the deposition of iPrNHC
on SiOx and Al2O3. Under optimized conditions for deposition
on Ru and Co, minimal chemisorption of iPrNHC was detected
on these surfaces (Figure 3D). However, at higher dose
numbers (100 cycles), surfaces begin to develop additional
signals on dielectric and metal surfaces consistent with NHC
hydrolysis and oxidation products (Figure S6). To gain insight
into the selective placement of NHCs by ALD on patterned
metal/dielectric interfaces, we prepared striped Au/SiO2
surfaces. ToF-SIMS imaging was employed to map iPrNHC
([M + H]+ = 203 m/z) on Au/SiO2 following NHC
deposition. High selectivity for deposition on Au in these

patterned systems was observed (Figure 3E). ToF-SIMS
analysis enabled the calculation of the selectivity coefficient
as 0.97, where 1.00 would be the perfect selectivity for the
metal (see SI for details).
Co and Ru patterned substrates with alternating patterns of

metal (Co, Ru; 100 μm wide) and silicon (100 μm wide), in
which the silicon surface is coated with native oxide (SiOx),
were then utilized, as well as similarly patterned metal/Al2O3
substrates (Figures S11 and S12). After deposition with
iPrNHC, the surfaces were again probed by ToF-SIMS.
Molecular ions that corresponded to iPrNHC ([M + H]+ =
203 m/z) were localized on the metallic regions (Figure 4A).
Low-intensity signals at 203 m/z were detected on the
dielectric regions, which may suggest the presence of
physiosorbed NHCs that resulted from the high NHC flux
delivered to the surface. However, annealing to 175 °C for 1 h
was highly effective at removing physisorbed NHC species
selectively from the dielectric, resulting in a clean, well-defined
monolayer on the metal portions of the patterned wafer
(Figure 4B). ToF-SIMS mapping images illustrate the
significant improvement in selectivity following an anneal,
underscored by the obtained selectivity values of 0.85 for Co
and 0.96 for Ru, which were determined by the relative ion
intensity measurements between dielectric and metal regions.
Even samples that were prepared specifically with a large excess
of physisorbed NHCs can be cleaned up by a simple
postdeposition vacuum annealing treatment (175 °C, 0.01
mbar, 30 min) (Figure 4B). Considering the observed increase
in ion signal intensity, we hypothesize that this is indicative of a
fully saturated NHC SMI layer, potentially accompanied by
residual physisorbed NHCs. This interpretation is supported
by the observed ion intensity and contrast, suggesting effective
saturation of the metal surfaces.
We then investigated the ability of an Au/SiO2 patterned

substrate in which the metal is protected by iPrNHC-

Figure 4. ToF-SIMS images of (A) selective deposition of iPrNHC on 100 μm metallic bands alternating with SiO2 and (B) oversaturated
deposition of iPrNHC onto patterned substrates before (left) and after (right) vacuum annealing at 175 °C under 0.1 mbar.
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functionalization to resist dielectric nucleation on the metal
bands (Figure 5). The substrate was subjected to 35 cycles of

diethyl zinc (DEZ) and H2O, resulting in a film growth of 6.5
nm with an approximate growth per cycle (GPC) of 1.9 Å. A
patterned Au/SiO2 film without any NHC protection shows
the growth of ZnO over the entire surface on both the metal
and dielectric (Figure 5). When analyzing the selectivity factor
calculated for the growth of ZnO on SiOx, it was determined to
be S = 0.89 in NHC-protected systems, indicating a
significantly enhanced resistance to undesired deposition.
This contrasts with the S = −0.10 observed for ZnO growth
on unprotected Au/SiO2, where the negative value signifies a
preference for the Au bands over the SiOx.
To be effective for the temporary protection of metal

surfaces, it is essential to remove the SMI prior to further
processing. Surfaces annealed to 350 °C for 1 h or briefly
exposed to a H2/Ar plasma (800 W, 60 s) show that the
iPrNHC monolayer can be cleanly removed, as indicated by the
absence of the M+ ion in ToF-SIMS and the absence of the N
signal, as shown in the N 1s XPS spectra (Figures S16 and
S18).
In conclusion, we have described the first examples

demonstrating NHCs as effective SMIs on planar Co and Ru
surfaces, which are critically important metals in the design of
the next generation of interconnect materials for ICs. Selective
vapor deposition of NHCs on Co and Ru surfaces in the
presence of SiO2 and Al2O3 dielectrics was achieved, with
selectivity confirmed using XPS and ToF-SIMS. Postdeposi-
tion annealing assisted in removing physiosorbed NHC on
dielectric surfaces, resulting in selectivity factors of 0.85 and
0.96 for Co and Ru, respectively. The presence of the NHC on

metal surfaces was effective as an inhibitor against dielectric
film growth (ZnO), and the NHC could be removed either
thermally or after plasma treatment. These results lay the
groundwork for the continued development of NHCs in AS-
ALD applications and offer an excellent opportunity for the
fabrication of robust micropatterns using bottom-up masking
for area selective deposition and microelectronic pattern
transfer.

■ MATERIALS AND METHODS
General Deposition of NHCs by ALD. All depositions were

performed on a Picosun R-200 Advanced Plasma-Enhanced Atomic
Layer Deposition (PE-ALD) tool. All wafers were exposed to a H2/Ar
plasma treatment (850W, 60 cycles) prior to deposition to reduce the
surface oxides and remove any unwanted surface contaminants.4 The
deposition process starts with a nitrogen flush step, repeated three
times, where the chamber is filled with nitrogen to a pressure of 100
hPa and then reduced to base pressure. The bubbler and chamber are
then heated to their set points, heated to 90 and 150 °C, respectively,
for 20 min before deposition. The deposition process consisted of a
plasma clean, followed by short pulses of the NHC, and separated by
1 s purge steps. Precursor pulse, purge, and line flows used 99.998%
N2 (150 sccm). The NHC precursor pulse and purge times were 0.1
and 10 s, respectively, from a “PicoSolid” bubbler. Ten pulse/purge
pairs were used. The plasma used a 6.0 argon carrier gas and a 5%
hydrogen in argon mixture supplied by Praxair. The plasma was
pulse/purged 100 times, using 14 s pulses at 800 W and 2 s purges.
Each 14 s pulse consisted of two steps: a 1.4 s “stabilization time” and
12 s “RF power on” step.
X-ray Photoelectron Spectroscopy (XPS). The XP spectra were

acquired at Surface Science Western (SSW) with a Kratos AXIS Supra
X-ray photoelectron spectrometer using a monochromatic aluminum
Kα source (15 mA, 15 kV). Sample analysis is measured from a depth
of 7−10 nm with detection limits ranging from 0.1 to 0.5 atomic
percent. The instrument work function was calibrated to give a
binding energy (BE) of 284.8 eV for C (1s) C−C/C−H peaks. The
Kratos charge neutralizer system was used on all specimens. Both the
survey scan and high-resolution analyses were collected at a takeoff
angle of 90° with an analysis area of 300 μm × 700 μm and a pass
energy 20 or 15 eV. CasaXPS (ver. 2.3.23) software was used for all
deconvolution of spectra with N 1s linear background subtraction and
all other high resolution with a Shirley background subtraction.
Thermogravimetric Analysis (TGA). Air-free TGA was

performed on a TA Instruments Discovery TGA 55 instrument
housed in a nitrogen-filled (99.998%) MBraun Labmaster 130
glovebox. In a typical experiment, approximately 25 mg of analyte
was placed in a platinum pan and heated to 400 °C with a ramp rate
of 10 °C/min. Nitrogen (99.999% purity, 60 sccm) was used as the
process gas. Platinum pans were cleaned by sequential sonication in
glacial acetic acid and then isopropanol, followed by heating until red-
hot with a propane torch. Langmuir vapor pressure equations were
derived from the TGA data using a previously reported method,
employing benzoic acid as the calibrant.5,6

Differential Scanning Calorimetry (DSC). DSC experiments
were performed with a TA Instruments Q10 instrument. The DSC
was calibrated at the melting point of indium metal (156.6 °C). All
DSC samples were hermetically sealed in aluminum pans inside a
glovebox prior to analysis. All samples were heated to 500 °C with a
ramp rate of 10 °C/min, using nitrogen (99.998% purity, 50 mL/min)
as the process gas.
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-

SIMS). Samples were examined using an ION-TOF (GmbH) TOF-
SIMS IV equipped with a Bi cluster liquid metal ion source. A pulsed
25 keV Bi3+ cluster primary ion beam was used to bombard the
sample surface to generate secondary ions with a current of 1 μA. The
positive (or negative) secondary ions were extracted from the sample
surface, mass-separated, and detected via a reflectron-type time-of-
flight analyzer. Reflector values for the positive and negative modes
were +16 and −36 V, respectively. Sample charging was neutralized

Figure 5. Diethyl zinc/H2O deposition onto iPrNHC Au/SiO2 with
ToF-SIMS images of postdeposition of 35 cycles of ZnO onto bare
and iPrNHC functionalized patterned Au/SiOx.
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with a pulsed, low-energy electron flood. The ion mass spectra were
collected in an area of 500 μm × 500 μm at 128 × 128 pixels with 20
scans. The high-resolution imaging spectra were collected with of 500
μm × 500 μm at 128 × 128 pixels with 100 scans, processed on the
ION-TOF software and normalized to the total yield by a division
normalization factor. The mass spectra were processed on ION-TOF
software with a binning value of 256 and calibrated to H+, C+, and
C2H5

+ mass signals.
Selectivity Measurements for ToF-SIMS Images. The assess-

ment of NHC selectivity through ToF-SIMS imaging involved the
categorization of metal bands as growth areas and dielectrics as
nongrowth areas. Within the ION-TOF software, a region of interest
(ROI) was designated for either metal or dielectric areas and
subsequently correlated with the respective bands on the wafer. Ion
intensities, specifically Ru+ or Co+ for metal bands and Si+ or Al+ for
dielectric bands, were extracted from the ToF-SIMS mass spectra,
with the metal and dielectric ROIs applied. To determine the
selectivity values for the NHCs, the ROI of the metal bands
(θGrowth Area) and the ROI of the dielectrics (θNon‑Growth Area) were
applied to the patterned wafer. The ion intensity of the NHC was
measured, and the signal was then normalized against the total ion
yield, which encompasses metal (Co+ or Ru+), dielectric (Si+ or Al+),
and NHC ions. The resulting selectivity value (S) should fall within
the range of 1 ≥ S ≤ −1, with 1 being perfect selectivity for the
growth area and −1 being perfect selectivity for the nongrowth area.
These values, representing both the ion yield fraction on the growth
area and the nongrowth area, are utilized in eq 1.

Selectivity formula for the deposition of NHCs.

=
+

selectivity
growth area non growth area

growth area non growth area (1)
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