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ABSTRACT: In this study, we investigated the thermal stabilities
of butylphosphonic acid (BPA) and aminopropyltriethoxysilane
(APTES) self-assembled monolayers (SAM) on a Si substrate. The
thermal desorption and the thermal cleavage of the BPA and APTES
SAM film on the Si substrate were studied by X-ray photoelectron
spectroscopy (XPS) upon thermal treatment from 50 to SSO °C.
XPS analyses show that the onset of the thermal desorption of the
APTES monolayer occurs at 250 °C and the APTES SAM
completely decomposed at 400 °C. Conversely, BPA SAM on Si
shows that the onset of thermal desorption occurs at 350 °C, and
the BPA SAM completely desorbed at approximately 500 °C. Our
study revealed that the organophosphonate SAM is a more stable
SAM in modifying the dielectric sidewalls of a Cu interconnect
when compared to organosilane SAM. To overcome the spontaneous reaction of the organophosphonate film on the metal substrate,
a simple orthogonal functionalization method using thiolate SAM as a sacrificial layer was also demonstrated in this study.
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(a) Comparative thermal stability of organosilane
and organophosphonate on Si substrate

(b) Orthogonal functionalization

Copper

Bl INTRODUCTION

A self-assembled monolayer (SAM) is an effective and versatile
functionalization approach for tuning electronic, topography,
surface energy, and chemistry at interfaces with a molecular
film thickness of 1—3 nm."” Generally, a SAM molecule can be
divided into three parts: (i) the terminal group, which
determines the topography and surface energy of the surface,
(ii) the aliphatic or aromatic backbones, which provide
molecular ordering of the SAM film, and (iii) the anchoring
group, which binds to the surface via covalent and noncovalent
bonds." Since SAM was first demonstrated in organic field
effect transistors,” it has been adopted in various applications
ranging from biotechnology4’5 nanotechnology,1 and micro-
electronics.”” Notably, technological advances that drive
additive manufacturing, such as microcontact printing,m
constructive lithography,”® and dip-pen lithography,” were
developed based on the patterning of SAM on micro- and
nanostructures. In microelectronics, as the technology node of
semiconductor manufacturing approaches a 10 nm length-scale
and owing to the increasingly complex three-dimensional (3D)
architectures of microelectronic devices,'"” SAM also plays an

properties have also garnered significant research interest.”’ As
an alternative to conventional inorganic-based liners, ultrathin
liners based on the organosilane SAM that are covalently
bound on the Si dielectric sidewalls could serve as promising
new barrier liners for next-generation back-end-of-line (BEOL)
Cu processes.”” Specifically, organosilane SAM with amino and
thiol terminal groups have been investigated as an excellent Cu
diffusion barrier owing to its strong interactions of Cu—N and
Cu—S chemistry.">'®'®*"** Taking advantage of the strong
interaction between the amino-terminated organosilane SAM
and a metallic film, this class of SAMs could also serve as a
molecular adhesive for strengthening the Cu/Si interface.'” ™"’
Since the performance of SAM as a passivating layer in ASD, as
a Cu diffusion barrier, and as an adhesion layer relies on the
formation of two-dimensional (2D) molecularly ordered
domains on Si surfaces, a robust and thermally stable SAM
is required to withstand the operating temperature of a typical
chemical vapor deposition (CVD) or atomic layer deposition
(ALD) process.'”** Moreover, the deposited SAM needs to
withstand numerous cycles of rapid thermal annealing (RTA)

important role in achieving area selective deposition
(ASD),"' 1 acting as a barrier against Cu interdiffusion, > "7
and acting as a molecular adhesive in Si metallization.'”™"" As
a result of the continuous downscaling in the dimensions of
trenches and vias, new ultrathin liner materials on Si-based
dielectrics that possess both diffusional barrier and adhesive
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at elevated temperatures in a typical semiconductor processing
workflow.”* These thermal treatments could lead to metal film
delamination due to the formation of defects in the liner
(organic and inorganic) at the Si dielectric/Cu interface and
ultimately result in device failure."®** Thus, the investigation
of the thermal stability of SAM on a Si substrate during
thermal treatment is of the utmost importance for the
utilization of SAM in various applications, including semi-
conductor packaging processes at elevated temperatures.
Although the thermal stability of alkoxysilane SAM has been
investigated under ultrahigh vacuum conditions or via in situ
X-ray photoelectron spectroscopy (XPS), these environmental
conditions are far from a practical semiconductor process.”*™>’
One of the earliest studies on the thermal stability of
alkoxysilane SAM on Si revealed that alkoxysilane with long
hydrocarbon chains detached from the Si surface between 125
and 155 °C of thermal annealing created large holes and
aggre%gtes structures based on water contact angle measure-
ment.” Other works have shown a much higher thermal
stability between 250 and 400 °C, depending on the structure
of the organosilane SAM and the thermal annealing condition
(in vacuum or in air).””*”*" In view of this literature
precedence, we present a comprehensive thermal stability
study of aminopropyltriethoxysilane (APTES) on Si and
evaluate its thermal desorption and bond cleavage with
increasing thermal annealing temperature. We also present,
for the first time, a comparative thermal stability study of
butylphosphonic acid (BPA) as an organophosphonate SAM
model compound on Si. Finally, we present a simple
orthogonal approach for functionalizing the organophospho-
nate SAM on Si in the presence of a Cu substrate to mimic the
structure of vials at the BEOLs.

In general, the thermal stability of SAMs increases with the
increasing number of methylene spacers on the SAM
backbone. This is due to the increasing van der Waals
interaction between the hydrocarbon chains.*”***® The
presence of functional groups—such as the ether, ester, and
perfluoroalkyl ether functional groups—along the SAM
hydrocarbon backbone is known to induce bond fragmentation
at the ether linkage at a lower temperature compared to that of
their alkyl counterpart.’® In addition to the chemical structure
and composition of the SAM molecule, the bonding strength
between the anchoring group of SAMs and the selected
substrate is also critical for determining the thermal stability of
the SAM film.*® For example, a thiolate SAM is thermally more
stable compared to a selenoate SAM on the Au(111) surface.*
An alkoxysilane SAM on Si is also known to be more stable
compared to a thiolate SAM on Au.”® However, a
comprehensive comparison of the thermal stability studies of
an alkoxysilane SAM and an organophosphonate SAM on Si
has never been explored.

Organophosphonate  SAMs represent another class of
organic monolayers that are widely studied for their
functionalization on metal oxides such as Al,O,'"*™*
TiO,,* HfO,"" and CuO.* They have been investigated
due to their stronger covalent bonding and high reactivity on
metal and metal oxide surfaces.’”” The thermal stability of
phosphonic acid SAMs on metal oxide surfaces has been
widely investigated under both ambient and reduced pressure
conditions. This research has conclusively revealed that the P—
O bonding between the phosphonic acid SAM anchoring
group and the metal substrate is robust and remains stable up
to 800 °C.””***" The dominant degradation mechanism of this

class of SAMs is due to the oxidation or breakage of the alkyl
chains on the molecular backbone of SAMs, which has been
reported to occur between 200 and 350 °C.>**** To
overcome the lower degradation temperature of an organo-
phosphonate SAM on metal oxides, Wojtecki et al. developed a
polymerizable reactive moiety within the organophosphonate
SAM to enable covalent bonding between the 2D SAM layer.
The lateral cross-linking of organophosphonate SAMs has been
shown to be a more effective passivating barrier during AS-
ALD of metal oxides on Cu surfaces."

Considering the higher thermal stability of phosphonic acid
SAMs on metal oxides, herein we investigate the thermal
stability of organophosphonate and alkoxysilane SAMs on Si
substrates. To the best of our knowledge, thermal stability of
phosphonic acid SAMs on Si has never been explored.”®*”**
Based on the tethering by the aggregation and growth (T-
BAG) method developed by Hanson et al. in the
functionalization of organophosphonate film on Si, 2 we
analyze the thermal cleavage and SAM desorption from the Si
substrate via XPS at different thermal annealing temperatures.
Moreover, the sample was annealed under a reduced pressure
of approximately 20 mTorr, simulating the operating
conditions of ALD and RTA that are commonly adapted in
semiconductor processing. The thermal annealing conditions
applied in this study will be more relevant for industry, as
compared to previous reports, when performing thermal
stability studies of SAMs in situ in an ultrahigh vacuum
environment.”> Due to the favorable bonding between the
phosphonic acid SAM anchoring group with metals and metal
oxide substrates, herein, we present an orthogonal deposition
approach to achieve selective functionalization of the organo-
phosphonate monolayer film on Si while avoiding the
deposition on the adjacent metal substrate. This approach
utilizes a thiolate SAM as a sacrificial layer, inhibiting the
deposition of a phosphonic acid SAM on the metal substrate.
Taking advantage of the well-established chemistry of thiolate
SAMs and metal surfaces, along with their thermally labile
characteristics, a thiolate SAM was applied to enable an oxide-
free Cu-to-Cu bonding in a (dual) damascene process.%’47 In
this approach, a thiolate SAM readily formed a dense 2D-film
by creating a strong, thiolate-metal (S—Me) bond, followin
the dissociation of the S—H bond at room temperature.”
Subsequently, the organophosphonate SAM layer was
selectively functionalized onto the Si substrate. Based on the
differences in thermal stability between alkoxysilane- and
phosphonic acid-based SAMs, a thiolate SAM was selectively
desorbed from the Cu substrate via RTA treatment at 300 °C
for 60 min. Under these RTA conditions, the organo-
phosphonate film on Si remained stable, thus enabling
nanoengineering at the Si dielectric/metal interface. Our
study provides a simple approach for the selective function-
alization of a robust organophosphonate film on Si, which
simultaneously provides a clean Cu surface for subsequent
metal deposition in a Cu (dual) damascene process.

B EXPERIMENTAL SECTION

Materials and Methods. BPA (Sigma-Aldrich, 99%),
APTES (Alfa Aesar, 98%), mercaptopropionic acid (MPA)
(Alfa Aesar, 99%), tetrahydrofuran (THF) (Macron, HPLC
grade), potassium carbonate (Vetec, 98%), and ethanol
(Honeywell, >99.8%) were used as received without further
purification. The 3-in. silicon wafer was purchased from Twice
Lin Ltd. The copper substrate was deposited by e-gun
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Figure 1. XPS spectra of the (a) full spectrum of a blank silicon and as-deposited APTES SAMs on Si of the (b) C 1s, (c) N 1s, and (d) Si 2p.

(ULVAC) on the Si at the Center for Nanotechnology,
Materials Science and Microsystems, NTHU. The molecular
sizes of APTES and BPA were simulated using the Merck
Molecular Force Field (MMFF94) engine using the Chem
Doodle 3D 4.0.1 software. The contribution to the force field
includes bond stretching, angle bending, angle stretch-bending,
torsions, inversions, van der Waals interactions, and electro-
static interactions.

Substrate Pretreatment and Activation for SAMs of
APTES and BPA. A 2 cm X 2 cm coupon of clean single-
crystal silicon (100) was prepared by sonicating the wafer in
acetone (10 min), isopropyl alcohol (10 min), and then
deionized water (10 min). After drying the substrate under a
N, atmosphere, the activation procedure was subsequently
treated by immersing the substrate in piranha solution (3:1 of
H,S0,/H,0,) at 50 °C for 50 min. The substrate was
intensively rinsed with deionized water after activation and
then finally dried under a N, atmosphere and immediately
subjected to SAM functionalization.

Deposition of BPA SAM onto the Si Substrate. BPA
SAMs were deposited onto an activated Si as described above
via the Tethering by Aggregation and Growth (T-BAG) as
reported in the literature.”® Briefly, the activated Si substrate
was immersed in a solution of BPA (1 mM) dissolved in THF
(30 mL). Then, the solution was placed under ambient
conditions to achieve complete evaporation of the solvent and

39701

thus obtain physisorbed BPA on Si. The physisorbed BPA-Si
substrate was heated at 140 °C for 2 days in a thermostatic
oven under ambient pressure. Upon cooling to room
temperature, the BPA-functionalized Si substrate was sonicated
in a 2:1 v/v ethanol: water solution of 0.5 M potassium
carbonate (13.82 g, 0.1 mol) for 20 min to remove the
multilayer BPA film formed on the Si substrate. After the base
wash, the sample was dried under N, gas. The BPA-
functionalized Si substrate was stored under a reduced pressure
desiccator.

Deposition of APTES SAM onto the Si Substrate.
APTES SAMs were functionalized on activated silicon by
immersion in a solution of APTES (0.1 v/v) in toluene for 30
min. After functionalization, the substrate was rinsed with
toluene immediately to remove the physisorbed APTES on
silicon. The sample was dried under a N, atmosphere, and the
APTES-functionalized Si substrate was stored in a reduced
pressure desiccator. In this study, we assumed the formation of
a thin layer of surface native oxides on the Si substrate during
handling and experiments in air. For the sake of simplicity, we
will refer the Si substrate with native oxides as Si throughout
this article.

Thermal Stability of BPA and APTES on the Si
Substrate. The thermal stability of the BPA SAM on the Si
substrate was tested in a three-zone furnace. Prior to the
thermal treatment, the tube furnace was first filled with N, gas

https://doi.org/10.1021/acsomega.3c05629
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Figure 2. (a) P 2p and (b) P 2s signals in the XPS spectra of (i) BPA SAMs on silicon and (ii) blank silicon substrate at room temperature.

for 10 min. The thermal stability of SAM on Si was
investigated by annealing each sample at 50—550 °C for an
hour in a tube furnace under a reduced pressure of 6 X 1073
Torr. The heating rate was set to 5 °C/min. The sample was
cooled to room temperature in the nitrogen-filled chamber.

Selective Functionalization of BPA onto Silicon and
Copper. Selective functionalization was demonstrated for the
copper and silicon substrates. Both substrates were subjected
to the same experimental steps to simulate the structure of a
via comprised of Si dielectric sidewalls with an underlying
metal liner. The Si substrate was pretreated and activated
under a similar protocol as described for the functionalization
of SAM. The Cu substrate was cleaned with HCL 3.7% for §
min and then thoroughly rinsed with DI water and finally
rinsed with ethanol. Both the cleaned and activated Si and Cu
substrates were immersed in 0.005 M MPA. MPA SAM was
selectively functionalized on the copper substrate. Upon
depositing the MPA sacrificial layer onto the copper substrate,
both the MPA SAM-Cu substrate and the Si substrate were
subjected to T-BAG deposition conditions to selectively
functionalize BPA onto Si (Section 2.3). After SAM
functionalization, both the Cu and Si substrates were subjected
to RTA at 300 °C for an hour under a reduced pressure of 7
mTorr.

Instrumentation. Prior to characterization, all of the
samples were kept in a reduced pressure desiccator and were
characterized within 2 weeks to ensure that the SAM film was
in a pristine condition. Film thickness analysis was determined
using the J.A. Woollam M2000 ellipsometer. For this study,
data were collected at 65—75° of incidence and are reported in
the 245—1200 nm wavelength interval. The fitting function
utilized a transparent film and Cauchy film model to calculate
the film thickness. XPS was analyzed via a high-resolution X-
ray photoelectron spectrometer (ULVAC-PHI, PHI Quantera
II). The photoelectron spectrometer uses the Al Ka source
operating at 300 W, and the energy resolution is < 0.48 eV.
The base pressure and the operating pressure are <2.7 X 10~
Torr. An electrical neutralization system uses a dual-source
charge compensation system with a low-energy electron beam
and a low-energy ion beam with automatic neutralization. For
all the XPS data, the binding energy was calibrated to the C 1s
peak at 284.8 eV. Curve fitting of XPS line was carried out
using CasaXP$S software with the Gaussian function with R* >
0.99 and U2 Tougaard background subtraction. The thermal
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stability test was conducted in a three-zone furnace tube (SJ,
T53-906). The thermal annealing temperature was set in the
range 50—550 °C for an hour under a reduced pressure of 6 X
10~ Torr. The RTA process was conducted using the
ULVAC-RIKO MILA-5000 under a reduced pressure of 8 X
107* Torr.

B RESULTS AND DISCUSSION

Characterization of APTES-Functionalized Si. In this
comparative thermal stability study between organophospho-
nate SAM and organosilane SAM on Si, we chose to investigate
APTES as an organosilane model compound due to their
versatility as reactive SAM for postmodification of the base
monolayer,” as a Cu diffusion barrier,">™"" as a molecular
adhesive at the Cu/Si interface,'”"” and in enabling area-
selective electroless deposition of metal on Si'**’ in micro-
electronics applications. XPS analysis of the SAM-function-
alized silicon substrate was conducted to confirm the formation
of covalent bonding between the SAM and the Si substrate. All
XPS spectra were fitted with a Gaussian function with R* >
0.99, which is represented by the red and green curves in the
XPS spectra for each element. Figure la shows the full XPS
spectrum of the blank silicon, confirming that the silicon
substrate was free of contamination prior to functionalization.
Figure 1b,c show the high-resolution XPS spectra of C 1s and
N 1s of the as-deposited APTES SAM on the silicon substrate,
respectively. The C 1s spectra show an asymmetric peak, which
can be deconvoluted into two fitted peaks corresponding to the
C—C bonding at 284.8 ¢V and the C—N bonding at 286.3
eV.>® The N 1s spectra were fitted with two Gaussian curves
corresponding to the uncharged nitrogen at 399.2 eV and the
positively charged nitrogen at 401.4 eV.>" The existence of two
different nitrogen species upon deposition of amino-
terminated alkoxysilane is consistent with Bierbaum et al.>”
The Si 2p spectra of the APTES-functionalized Si showed two
broad peaks centered at binding energies of 99.5 and 103 eV.
The former peak can be deconvoluted to three Si species,
namely, Si 2p"/? (blue curve), Si 2p>? (red curve), and Si,O
(green curve) centered at 100, 99.4,7>° and 100.3 eV>>*°
binding energies, respectively. The latter broad peak in Figure
1d can be fitted into two Gaussian curves corresponding to the
oxides of the substrates as in SiO, bonding at 103 eV’
(cyan—blue curve) and the bonding between the organosilane
Si and the inorganic silicon dioxide (Sigy,—O—Sisprgs)

https://doi.org/10.1021/acsomega.3c05629
ACS Omega 2023, 8, 39699—-39708


https://pubs.acs.org/doi/10.1021/acsomega.3c05629?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05629?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05629?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05629?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ha
3.5eV
@ T A sz [T (b) C3(3.1ev
g 7 ” \ 35ev/ 2
£ o \ A C1¢ 3.8 eV
g o.A: K\\ ] /S||
g 0.2? \/L*‘ @) O\O
. - ]
TTH60 200 3060 400 500 600 Silicon

Temperature ( °C)

Figure 3. (a) Normalized atomic ratio was determined from the XPS of APTES on silicon as a function of the thermal annealing temperature; (b)

schematic drawing of APTES SAM anchored onto a Si substrate.

centered at 102 eV (purple curve).”****” Based on our
systematic optimization, we found that deposition at a low
concentration (0.1%) and short immersion time (30 min) is
optimal for yielding a 0.6 nm monolayer of APTES SAM based
on ellipsometry measurement (Figure S1). Our result is
consistent with both a recent report”” and the simulated
molecular size of APTES obtained from the force fields
function(Figure S2).

Characterization of BPA-Functionalized Si. For this
comparative thermal stability study, BPA was chosen as the
organophosphonate model SAM compound due to the
similarity in molecular size as the APTES SAM (0.531 nm
for BPA and 0.6 nm for APTES) based on force-field
simulation. The functionalization of the phosphonic acid
SAM on Si has been developed based on a robust technique
known as the T-BAG method.*® Furthermore, the optimization
and characterization of the T-BAG process have been
thoroughly studied via XPS in the formation of a dense 2D
monolayer of organophosphonate on Si."* However, a detailed
investigation of the thermal stability of organophosphonate
SAM on Si has never been explored. The water contact angle
measurement for the activated Si substrate before and after
BPA functionalization was 43 and 89°, respectively (Figure
S3). The increase in the water contact angle can be attributed
to the increase in hydrophobicity of the substrate as a result of
the methyl terminated moiety of the BPA SAM. Figure 2a
shows the P 2p XPS spectra of BPA SAMs modified on Si and
a blank Si substrate. Due to the overlapping signal originated
from the plasmon loss peak of Si in the P 2p region, it is
challenging to confirm the presence of phosphorus through
their P 2p spectra. Thus, we performed the high-resolution
XPS of the P 2s spectra to confirm the successful deposition of
BPA SAM:s onto the Si substrate. The P 2s XPS spectra of the
(i) BPA modified on Si (purple curve) and (ii) the blank Si
substrate (black trace) showed two signals located at 191.4 and
186.4 eV (Figure 2b). The higher binding energy peak can be
attributed to the covalent attachment of the phosphonate
group onto the Si substrate via P—O-Si bonding that is
present only in the BPA modified Si. The other peak at 186.4
eV can be attributed to the plasmon loss peak of silicon, which
appeared in both spectra of the BPA modified Si and the blank
Si substrate."* Therefore, the presence of a signal at 191.4 eV
in the P 2s spectra confirmed the formation of BPA SAM on Si
via covalent bonding of P—O—Si. The film thickness of the
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BPA SAMs was measured to be 0.6 nm via ellipsometry, which
is consistent with the theoretical calculation of a single
monolayer of BPA (0.531 nm) (Figure S4).

Thermal Stability of APTES and BPA SAMs Function-
alized on Si. Alkoxysilane and chlorosilane SAM is the most
common class of SAMs used in the functionalization on a Si
substrate due to the simple processing condition to obtain
covalent bonding between the organic SAM and the inorganic
Si substrate.”® However, the poor thermal stability of silane-
based SAM and their tendency to self-polymerize could be
detrimental in microelectronic processing.lz’él_(’3 To over-
come the disadvantages of alkoxysilane-based SAM, various
groups have investigated phosphonic acid-based SAM for the
deposition of a single functional monolayer on Al,O;.”> While
the functionalization and thermal stability of phosphonic acid-
based SAM have been thoroughly investigated on the Al,O,
substrate, the thermal stability of phosphonic acid-SAM on Si
has never been explored. Herein, we report the first
investigation of the thermal stability of BPA SAM on Si and
present a comparative thermal stability study with APTES
SAM on Si.

Figure 3 illustrates the thermal desorption spectroscopy
studies of APTES SAM. According to the normalized atomic
ratio of C/Si and N/Si measured via XPS, the onset of thermal
transition of the APTES SAM on Si occurred at 250 °C and
complete at 400 °C. At 250 °C, we also observed that the N/Si
atomic ratio dropped at a significantly higher rate compared to
the reduction of the C/Si atomic ratio from the Si substrate
(Figure 3). The difference in the reduction rate of N vs C to Si
atomic ratio suggests that the methyl amine fragment first
cleaved and desorbed from the Si surface. According to the
bond dissociation energy (BDE) determined from density
functional theory (DFT) as shown in Figure 3b, we
hypothesize that the initial cleavage occurs at the C,—C;
bond adjacent to the terminal NH, group.®* At 400 °C, the
APTES SAM completely decomposed and desorbed from the
Si surface. Thus, based on thermal desorption spectroscopy
studies of APTES under different thermal annealing temper-
atures, APTES starts to decompose at 250 °C, which is
consistent with previous of literature reports.'>*”**

To investigate the thermal stability of BPA on Si, the
normalized atomic ratios of P/Si, C/Si, and P/C as a function
of the annealing temperature are presented in Figure 4a. Upon
thermal annealing of BPA-SAM on Si at 150 °C, the C/Si ratio
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Figure 4. Normalized atomic ratio determined from XPS of BPA on
silicon as a function of increasing temperature.

declined drastically, while the P/Si ratio remained constant
until 350 °C. This first thermal transition at 150 °C can be
attributed to the evaporation of the physiosorbed BPA SAM
from the Si surface, while the covalently anchored BPA SAM
remained on the Si substrate. The covalently bound BPA SAM
remained stable on the SiO, surface as the carbon and
phosphorus composition remained stable and constant until
350 °C (Figure 4a). Above 350 °C, both the C/Si and P/Si
atomic ratios drastically reduced, which indicates that the
covalently anchored BPA SAM started to decompose and
desorbed from the Si substrate, as shown in Figure 4.
Compared to organophosphonate SAM on metal oxide
surfaces, the P—O—Metal anchoring group remained stable
up to 800 °C.*> Our study revealed that organophosphonate
SAM forms a weaker bonding with the Si substrate but exhibits
a higher thermal stability compared with the APTES
organosilane SAM in Si.

Summarizing the abovementioned discussion, the phos-
phonic acid—base SAMs could serve as a candidate for various
applications that involve thermal annealing processes, includ-
ing ASD and Cu/Si interface engineering as a Cu diffusion
barrier and as a molecular adhesive that needs to withstand the
operating temperature of CVD and ALD. Moreover, short alkyl

chain SAM is gaining popularity as a substrate modifier in
microelectronics as the dimensional scaling of features at the
BEOL continues to shrink. A recent report using dimethyla-
minotrimethylsilane has shown promising results as an
effective passivating layer on Si toward AS-ALD of several
metal films.”>°® Therefore, our results here provide a rational
design for a thermally stable SAM on Si based on an
organophosphonate anchoring group. Specifically, organo-
phosphonate SAM designed with reactive moieties capable of
undergoing photopolymerization,'> dimerization,” and hydro-
gen bonding® that have elegantly demonstrated enhanced
stability and excellent ASD performance can now be adapted
on Si-based dielectrics.

Selective Functionalization of BPA on Silicon and
Copper Substrates. Organosilane SAM spontaneously self-
assembled onto a Si substrate due to the formation of strong
covalent Si—O—Si bonding between the organosilane SAM
and the underlying substrate.*** Similarly, organophospho-
nate is known to spontaneously form strong covalent bonds
with various metals upon immersing the metal substrate into
the organophosphonate SAM solution.'"*>?%#0=#>70 g
overcome the spontaneous functionalization of BPA onto
metal oxide surfaces, we demonstrate here an orthogonal
functionalization method using MPA as a sacrificial layer.”® In
this approach, the MPA layer first self-assembled into a 2D
dense monolayer of protective film on Cu to inhibit the
deposition of BPA SAM on Cu.”' Subsequently, BPA-SAM
was functionalized onto the Si substrate via the TBAG method,
as described previously. Upon the successful functionalization
of BPA on Si, the MPA SAMs on Cu were removed via a
simple thermal annealing process at 300 °C, while the BPA-
SAM remained intact on the Si substrate. The success of MPA
functionalization on Cu was analyzed via XPS of the S 2p
spectrum. Figure Sa shows the emergence of an asymmetric
peak at 163 eV, which can be deconvoluted into a doublet that
correspond to the S—C and Cu—S bonds at 163.8’* and 162.7
eV,”>”" respectively. Upon RTA treatment at 300 °C for 60
min, the S—C and Cu—S$ bonding completely disappeared, as
shown in Figure Sb-ii, blue trace).

We have also investigated the need for MPA as a sacrificial
layer in inhibiting the deposition of the BPA SAM onto Cu
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Figure 6. High-resolution XPS spectra of the SAM film on Cu with and without pretreatment with the MPA SAM. (a) Overlaid P 2p spectra (i)
BPA SAM on copper with MPA pretreatment (green trace), (ii) BPA on Cu with MPA pretreatment (red trace), and (jii) blank copper (black
trace). (b) Overlaid S 2p spectra of (i) MPA SAM-functionalized copper, (ii) removal of the MPA SAM from the Cu substrate via thermal

annealing at 300 °C for an hour, and (iii) blank copper.

during a standard T-BAG process. In this study, Cu substrate
with and without MPA treatment was immersed in a solution
of BPA-SAM in a standard TBAG process. The P 2p XPS
spectrum of the Cu substrate without MPA pretreatment as a
sacrificial layer showed a symmetric signal at 133.5 eV that
corresponded to the P—O/P—O—Cu in Figure Sa (green
trace).”” Meanwhile, no phosphorus-containing compound
could be detected via XPS on the Cu substrate that was first
pretreated with the MPA sacrificial layer, followed by the T-
BAG deposition of BPA as shown in Figure 6a (red trace). The
P 2p spectrum resembles the P 2p spectra of a blank Cu
substrate, as shown in the stacked P 2p spectra in Figure 6a
(black trace). The absence of the P 2p signal can be attributed
to the deposition of a protective MPA layer on the Cu
substrate, thus inhibiting the functionalization of BPA SAMs
on the copper substrate. High-resolution XPS spectra of the S
2p region in the same substrate confirmed the deposition of
MPA onto the Cu substrate. The peak at 162.7 eV corresponds
to the S—Cu bonding, which confirms the successful
deposition of the MPA blocking layer in Figure 6b (purple
trace). Finally, the MPA blocking layer was removed from the
Cu substrate via RTA treatment in preparation for subsequent
metal deposition via either chemical or physical deposition.
The successful removal of MPA SAMs is shown in Figure 6b
(blue trace), in which the S—Cu bonding in the S 2p spectra
disappeared upon RTA treatment, resulting in similar S 2p
spectra to a blank Cu substrate (Figure 6b, black trace) Our
results here confirm that a simple orthogonal functionalization
methodology enabled the selective functionalization of a
thermally stable organophosphonate-based SAM on the surface
of Si dielectrics, while simultaneously avoiding the deposition
on the adjacent Cu substrate.

B CONCLUSIONS

The thermal stabilities of BPA and APTES on a Si substrate, as
model SAM compounds for organophosphonate and organo-
silane monolayer, were investigated in the range 150—550 °C.
The substrate was annealed for 60 min under a reduced
pressure of 20 mTorr to simulate a more realistic metal

39705

deposition condition. The thermal desorption of the SAM film
on Si was monitored by XPS and atomic force microscopy
(AFM) after each thermal annealing treatment. This study
revealed that the onset decomposition temperature of
organosilane SAM on Si was found to be approximately 250
°C, consistent with previous reports. Conversely, the BPA
SAM on Si remained stable up to 350 °C Above 350 °C, the
P—O-Si anchoring group on the Si substrate began to
decompose and completely desorbed from the Si surface at
approximately 500 °C.

Our results confirmed that the most commonly used
organosilane SAM on Si is not suitable for applications
requiring thermal treatment above >250 °C, which is the onset
temperature of the thermal desorption of the APTES SAM
from Si. Based on our study, organophosphonate SAM could
serve as an alternative surface modifier on Si due to their ease
of preparation and enhanced film stability compared to
conventional organosilane-based SAM. Finally, orthogonal
functionalization of the thermally stable organophosphonate
SAM onto the surface of dielectrics that simultaneously
avoided deposition on the adjacent metal substrate was
demonstrated.
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