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Abstract: The carboxyl-terminated 3-aminopropyltrimethoxysilane (APTMS) self-assembled mono-
layer (SAM) diffusion barrier was prepared onto a Si substrate via molecular self-assembly and graft
modification technology. The SAM was afterward coated with a copper film via radio-frequency (RF)
magnetron sputtering. In order to study the thermal stability of the diffusion barrier, the sample
was subsequently annealed for 60 min in an Ar environment at the temperatures of 350 °C, 400 °C,
450 °C, 500 °C, and 550 °C. The results revealed that carboxyl modification enabled one to increase
the barrier breakdown temperature of the APTMS diffusion barrier layer by about 100 °C, which was
sufficient to effectively inhibit the copper diffusion at 500 °C.

Keywords: barrier; self-assembled monolayer; copper; carboxyl-terminated SAM; resistance; thermal
stability

1. Introduction

With the rapid development of the semiconductor industry in the past decades, alu-
minium wire materials have gradually been replaced with Cu in integrated circuit inter-
connects because of its good electrical conductivity and electromigration resistance [1].
However, Cu has a high diffusivity, which results in the easy diffusion between Cu and
5i/5i0; layers [2], causing defects and affecting the service life of carriers as well as deteri-
orating the performance of the electronic components [3-5]. In order to solve the problems
associated with copper diffusion and to enhance the bonding force between the copper
and dielectric components, a diffusion barrier layer was introduced between the Cu and
Si/SiO; layers [6-10]. The earlier diffusion barriers mainly included transition metals
(Ti [11], Ta [12], W [13]) along with related binary (TaN [12], ZrSi [14], TiN [15]) and ternary
(Zr-Ti-Ni [16], W-B-N [17]) compounds. Meanwhile, the above-mentioned diffusion barri-
ers cannot completely cover the surface of the device in the groove with a large depth ratio,
which decreases the continuity of the copper film. In addition, most barriers are mainly
prepared via magnetron sputtering, which imposes limits on their minimum thickness to
5 nm. Thus, the fabrication of diffusion barriers with good thermal stability, perfect cover-
age, and ultra-small thickness for copper interconnections and their large-scale application
in the new generation of Si integration technology are urgent tasks.

In recent years, self-assembly technology has aroused considerable attention among
researchers [18] as a promising method for preparing 3-aminopropyltrimethoxysilane
(APTMS) diffusion barriers for Cu metallization systems [19-27]. The organosilane is first
hydrolyzed and adsorbed on the treated silicon substrate and then dehydrated to form a
5i-O-Si bond, whereas the other end of -NH; can be well bonded to copper. Compared
with -NHy, the -COOH groups can better fix copper and prevent copper diffusion [28].
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In view of the above, a chemically modified APTMS is proposed in this study to
enhance the diffusion barrier properties and the adhesion between the APTMS and the
copper film. Trimesic acid is chosen as a modifying molecule for the APTMS. According
to the results, the presence of benzene rings in trimesic acid enables one to enhance the
properties of the diffusion barrier. In addition, two active sites in the -COOH groups ensure
better bonding between the barrier and the copper film.

2. Experimental
2.1. Samples Preparation

P-type Si (100) wafers (Ningbo Saibang International Trade Co., Ltd., Ningbo, China)
were used as the substrates. They were degreased using ultrasonic agitation in acetone
and deionized water sequentially then cleaned with a concentrated HySO4: 30% H,O, (4:1,
v/v) solution for 10 min at 120 °C. The substrates were dipped in a 30% ammonia water:
30% H,0O0,:H,0 (1:1:5, v/v) solution for 10 min at 85 °C and finally cleaned with a concen-
trated HCI: 30% HyO,:H,O (1:1:6, v/v) solution for 10 min at 85 °C. After each cleaning
step, the silicon substrates were rinsed at least three times with deionized water. Finally,
the substrates were blow-dried with nitrogen. This enabled one to obtain a thin silicon
dioxide film on the surface of each silicon substrate [29].

After that, each Si substrate with a film was immersed in a 3 mmol /L toluene solvent to
prepare an APTMS structure. The samples were then washed with toluene and ethanol and
finally dried with Nj. The trimesic acid solution was prepared using 3 mmol/L pyridine as
a solvent and silicon tetrachloride as a dehydrating agent, and the silicon wafers with a
self-assembled APTMS were immersed in it for 1 h to 4 h. The reaction temperature was
70 °C. Finally, the samples were washed with ethanol and blow-dried with nitrogen.

The copper films were afterward deposited onto the COOH-APTMS diffusion barriers
in a pure Ar environment via RF magnetron sputtering under a working pressure of
0.3 Pa. The sputtering power was 100 W and the sputtering time was 5 min. Finally, the
Cu/COOH-APTMS/SiO, /Si samples were annealed for 60 min in an Ar medium at 350 °C,
400 °C, 450 °C, 500 °C, and 550 °C.

2.2. Analytical Methods

The contact angles of the films (CAs) were measured with a CA system (Model
OCA100, Dataphysics, Stuttgart, Germany). Each time, a pure water drop was placed
on the surface of the tested sample. After the drop was balanced, the instrument’s own
software was used to calculate the contact angle. Five different areas were selected on
each sample surface for water contact angle measurements, and the average contact angle
was determined.

X-ray photoelectron spectroscopy (XPS) (Model Escalab Xi+, Thermo Fisher Scientific,
Waltham, MA, USA) was employed to distinguish between the chemical states of the
elements in the top surface layer. The XPS analysis was performed using a monochromatic
Al K X-ray source within the Ols, N1s, Cls, and Si2p spectral ranges. The binding energy
positions of the peaks were adjusted by setting the Cls peak to 284.8 eV.

The surface morphology of the samples was examined via scanning electron mi-
croscopy (SEM) (Model Thermo Scientific Apreo S, Thermo Fisher Scientific, USA) under
high-vacuum conditions and the operating voltage of 5 kV. Prior to the measurements, a
gold layer was spray-deposited on each sample surface.

The surface roughness of the samples was assessed by atomic force microscopy (AFM)
(Model Dimension Icon, Bruker, Ettlingen, Germany) within a surface area of 1 pm x1 pm.
The Scanasyst-air probe model and Scan Asyst test mode were used in testing, and the
elastic constant of the probe was 0.4 N/m. The roughness tests were performed within
five areas on each sample surface, and the root-mean-square roughness (RMS) values were
obtained by averaging the data.

The phase analysis of the samples before and after heat treatment was conducted via
X-ray diffraction (XRD) (Model X'Pert Pro, PANalytical B.V., Almelo, The Netherlands) at
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the tube voltage of 40 kV, tube current of 40 mA, and 20 step length of 0.05°. The X-ray
radiation source was Cu.

To further evaluate the adhesive performance of the specimens, four-point bending
(FPB) tests were implemented by means of an electronic tensile testing machine (Model
Instron5569, Instron, Norwood, MA, USA) [30]. In particular, the critical load values
were established from the acquired load-displacement curves to calculate the interfacial
toughness [31,32]. The formula is as follows [18,30]:

G=K(1 — v*)Pc/E (1)

where E is the elastic coefficient of the substrate; v is the Poisson’s ratio; K is the coefficient,
related to the thickness and the geometry of the substrate; and Pc is the critical load value
for device fracture.

To evaluate the thermal stability of the films, four-point probe testing (FPP) was
conducted using a double-electric four-probe tester (Model RTS-9, GuangZhou 4 probes
tech, China). During testing, the change in the resistance of the samples was determined
under heat treatment by defining the variation in sheet resistance (R.) as follows [33]:

Re=Rs — Ry/Ry 2)

where R, and R; are the sheet resistances of the annealed and as-deposited
samples, respectively.

3. Results and Discussion
3.1. Characterization of COOH-APTMS SAM

An amino-terminated APTMS-SAM is the basis for carboxyl modification in the
preparation of a COOH-APTMS structure. Therefore, the first step of this study was to
verify whether the APTMS-SAM system was properly formed. For this purpose, the water
contact angles and the XPS data of the APTMS-SAM specimens (Figure 1a) were analysed.
According to the results, the water contact angle of the APTMS-SAM was 64.6° & 2°, and
the binding energies of the N1s peaks were 399.7 eV and 401.7 eV. These values were
in good agreement with those reported in the literature, [28,34,35] which indicated the
successful formation of the APTMS-SAM structure.

Figure 2 displays the SEM images of the COOH-APTMS/SiO, /Si samples at different
modification times. At the reaction times of 1 h and 2 h, the unreacted areas were observed
on the sample surface (Figure 2a,b) because of the insufficient dehydration condensation
reaction between the -NH, and the -COOH groups. As the reaction time was increased
to 3 h, the unreacted areas disappeared, and no obvious particles existed on the surface
(Figure 2c). However, after 4 h of the reaction, particles emerged on the surface of the sam-
ples (Figure 2d). Those were the partially unreacted trimesic acid residues that remained
on the sample surface, while the -NH; binding sites on the surface were completely reacted.
Thus, it could be concluded from the SEM images that the COOH-APTMS SAM structure
was successfully assembled, and no particles were detected on the film surface after 3 h of
the reaction due to the complete reaction between the APTMS and the trimesic acid.
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Figure 1. XPS patterns of the samples: (a) N1s peak of APTMS/SiO;,/Si; (b) Cls peak of
APTMS/Si0O, /Si; (c) Cls peak of COOH-APTMS/SiO, /Si.

Figure 2. SEM images of COOH-APTMS/SiO, /Si with different modification times: (a) 1 h; (b) 2 h;
(¢)3h;(d)4h.
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Figure 3 depicts the AFM images of the COOH-APTMS/SiO, /Si systems at different
modification times. From these images, the surface roughness (RMS) for each COOH-
APTMS SAM sample was found to be 0.647 nm, 0.907 nm, 1.211 nm, and 1.272 nm, corre-
sponding to the modification times of 1 h, 2 h, 3 h, and 4 h, respectively. Obviously, the
RMS value of the COOH-APTMS SAM increased with the increase in the reaction time.
The increase in RMS was most pronounced between 1 h and 3 h of the reaction, whereas it
was slower after 3 h of modification. In the first case, the remarkable increase in RMS could
be explained by the introduction of benzene and carboxyl groups and the extension of
the COOH-APTMS chains during the modification process [23,32]. However, the reaction
between the APTMS and the trimesic acid after more than 3 h was complete, resulting in a
slight change in RMS from 1.211 nm to 1.272 nm due to the accumulation of trimesic acid
molecules on the sample surface, which could be observed in the SEM image (Figure 2d).

2.2 nm 3.9 nm
-2.8 nm -2.6 nm
3.6 nm 5.7 nm
0.0 -4.4 nm -5.4nm

Roughness: 1.211 nm Roughness: 1.272 nm

Figure 3. AFM images of COOH-APTMS/Si0O, /Si with different modification times: (a) 1 h; (b) 2 h;
(¢)3h; (d)4h.

Figure 1 displays the XPS patterns of the samples. In Figure 1c, the O=C-N-related
peak was observed at the binding energy of 287.9 eV. This peak indicated that the carboxyl
groups of the trimellitic acid were dehydrated and condensed with the amino groups of the
APTMS to form O=C-N bonds [32,36]. Compared to Figure 1b, it could be proved that the
trimellitic acid was successfully grafted onto the APTMS surface. In addition, the surface
water contact angle of the COOH-APTMS was 35.5° & 2°, which further confirmed the
successful preparation of the COOH-APTMS structure [37].

3.2. Combination of Copper Film and COOH-APTMS SAM

To investigate the combination of copper film and a COOH-APTMS SAM, the phase
components of the samples were afterward analysed via XPS and XRD (Figure 4). The oxide
layer was peeled on the sample surface before the XPS test. In Figure 4a, the characteristic
peak of the Cu-O bonds at 933.4 eV meant that there was a strong interaction between
the copper atoms and the -COOH groups. In a word, the Cu-O bonds enabled one to fix
the copper atoms, which could improve the barrier performance of the COOH-APTMS
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SAM. The analysis results of the Cls and N1s of the Cu/COOH-APTMS/SiO, /Si samples
showed that neither C nor N did not bond with Cu (Figure 4b,c), which was consistent
with the literature report [38]. In Figure 4d, the XRD profile exhibited the presence of the
Cu phase, while no diffraction peaks of copper oxides were found.
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Figure 4. XPS and XRD patterns of Cu/COOH-APTMS/SiO, /Si: (a) XPS analysis of Cu; (b) XPS
analysis of C; (¢) XPS analysis of N; (d) XRD pattern.

FPB is a reliable method to measure the interfacial adhesion in thin film struc-
tures [30,39]. In this study, the interfacial toughness between the copper film and the
COOH-APTMS SAM was evaluated before and after annealing at 400 °C to verify the
applicability of the semiconductor devices under consideration. Figure 5 depicts the FPB
results for different samples. In particular, the interfacial toughness of the modified samples
increased significantly compared to that of the Cu/APTMS/SiO, /Si structure, which could
be attributed to the good fixation of the Cu film on the APTMS by the forming of Cu-O
bonds. After annealing at 400 °C, the dehydration condensation of COOH-APTMS and
hydroxyl on the surface of SiO; was strengthened. Therefore, the interfacial toughness of
the Cu/COOH-APTMS/SiO; /Si system increased from 6.58 ]/ m? to 7.88 J/m? (Table 1),
which was 19.7% higher than that of the Cu/APTMS/SiO, /i structure. Thus, the bonding
improvement enabled one to better fix the Cu atoms and improve the barrier performance
of the diffusion barrier layer.

Table 1. Interface toughness of samples.

Samples As-Deposited Annealed at 400 °C

Cu/APTMS/SiO, /Si 1.58 + 0.29 J/m? 6.58 + 0.28 J/m?
Cu/COOH-APTMS/SiO, /Si 1.72 £ 0.25]/m? 7.88 £ 0.34 ] /m?
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Figure 5. Interfacial toughness of samples: (a) As-deposited Cu/APTMS/SiO,/Si; (b) As-
deposited Cu/COOH-APTMS/SiO, /Si; (¢) Cu/APTMS/SiO; /Si annealed at 400 °C; (d) Cu/COOH-
APTMS/SiO, /Si annealed at 400 °C.

3.3. Thermal Stability of COOH-APTMS SAM

Figure 6 depicts the XRD patterns of the samples after annealing at different tempera-
tures. According to JCPDS no. 96-900-8469, the XRD profiles of the specimens annealed
at temperatures below 500 °C revealed only the reflexes of copper, which indicated that
the COOH-APTMS diffusion barrier could prevent the copper diffusion up to 500 °C. As
the annealing temperature reached 550 °C, a (300) diffraction peak was detected at the
position 26 of 45.00°, which was attributed to a CusSi phase (JCPDS no. 00-051-0916).
This indicated that the COOH-APTMS diffusion barrier began to fail, losing its diffusion
barrier performance at 550 °C. Before and after annealing the Cu/COOH-APTMS/SiO, /Si
samples below 500 °C, the Cu (111) diffraction peak was stronger than the Cu (200) one,
which meant that the Cu film possessed a (111) preferred orientation. According to the
report, [40] a (111) textured Cu film could ensure a higher electromigration resistance.

«Cu
+Cu,Si
= & s
2 8 )
) As 550°C H
«
£ A i 500°C R
=
£ L ~ 450°C -
Ll
‘\ A 400°C "
JL 350°C
30 40 50 60 70 80
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Figure 6. XRD patterns of samples after annealing at different temperatures.
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Figure 7 displays the SEM images of the annealed Cu/COOH-APTMS/SiO, /Si sam-
ples. It was evident that the morphology of the copper film was dependent on the annealing
temperature. When the temperature was lower than 400 °C, the copper film remained flat
(Figure 7a). In turn, at the temperatures above 400 °C, there were some protrusions on
the film surface due to the agglomeration of copper atoms (Figure 7b,c). As the annealing
temperature increased to 500 °C (Figure 7d), some microholes were observed on the surface
of the Cu film, whose emergence was attributed to the thermal stress in the film. At the
annealing temperature of 550 °C, the copper film was destroyed and lost its continuity
(Figure 7e), indicating the failure of the COOH-APTMS diffusion barrier. Figure 7f depicts
the EDS map with white particles, according to which the copper-to-silicon atomic ratio of
these particles was 3:1. This evidenced the origin of the Cu3Si phase and the failure of the
COOH-APTMS diffusion barrier, which was consistent with the XRD (Figure 6) results [41].

Figure 7. SEM images and EDS of Cu/COOH-APTMS/SiO,/Si samples after different annealing
temperatures: (a) 350 °C; (b) 400 °C; (c) 450 °C; (d) 500 °C; (e) 550 °C; (f) EDS annealed at 550 °C.

Figure 8 depicts the AFM images of the Cu/COOH-APTMS/SiO, /Si samples after
annealing at different temperatures. From these images, the RMS for each Cu/COOH-
APTMS/Si0,/Si sample was found to be 5.74 nm, 7.02 nm, 13.51 nm, 27.36 nm, and
114.34 nm, corresponding to the annealing temperatures of 350 °C, 400 °C, 450 °C, 500 °C,
and 550 °C, respectively. It was obvious that the roughness of the Cu film was increasing
with the increase in the annealing temperature. The RMS of the Cu film rose sharply to
114.34 nm when the annealing temperature reached 550 °C. At this time, the Cu film was
destroyed, and its continuity was lost, which proved the failure of the COOH-APTMS
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diffusion barrier. The conclusions obtained from the AFM images of the annealed samples
were consistent with the SEM (Figure 7) results.
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-146.7 nm
0.0

Roughness: 27.36 nm
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Roughness: 114.34 nm

Figure 8. AFM images of samples after annealing at different temperatures: (a) 350 °C; (b) 400 °C;
(c) 450 °C; (d) 500 °C; (e) 550 °C.

Figure 9 displays the change in sheet resistance (R.) of the samples after annealing at
different temperatures. It was found that the sheet resistance of the Cu/ APTMS/SiO, /Si
sample slightly decreased as the annealing temperature rose to 400 °C, which could be
ascribed to the grain growth and defect annihilation in the copper film [42]. However, once
the temperature increased to 450 °C, there was a dramatic increase in the sheet resistance.
This was owing to the generation of the Cu-Si phase with a high resistance, indicating the
failure of the APTMS diffusion barrier. However, the sheet resistance of the Cu/COQOH-
APTMS/SiO, /Si sample kept stable up to 500 °C, which meant that the failure temperature
of the COOH-APTMS was 100 °C higher than that of the APTMS. This improvement
in thermal stability was due to the following reasons. On the one hand, benzene with
large steric hindrance was introduced into the APTMS diffusion barrier after carboxyl
modification, thereby making a significant contribution to the barrier performance of the
APTMS diffusion barrier. On the other hand, the Cu-O bonds between the carboxyl groups
and the copper film enabled the copper atoms to be firmly fixed to the COOH-APTMS,
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which could block the diffusion of Cu atoms to the Si substrate. These variations of sheet
resistance were in accordance with the XRD data in Figure 6.
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Figure 9. Change in sheet resistance versus annealed temperatures: (a) Cu/APTMS/SiO,/Si;
(b) Cu/COOH-APTMS/SiO, /Si.

4. Conclusions

In this study, a carboxyl-terminated APTMS self-assembled monolayer diffusion
barrier was prepared via molecular self-assembly technology. According to the SEM
data. the COOH-APTMS diffusion barrier after 3 h of modification was continuous and
integrated, containing particles and defects on its surface. The XPS results indicated that
the copper atoms were firmly bonded to the COOH-APTMS structure through the Cu-O
bonds. Moreover, the interfacial toughness analysis also revealed that the bonding strength
between the COOH-APTMS and the Cu film exceeded that between the APTMS and the Cu
film. Moreover, the COOH-APTMS self-assembled monolayer diffusion barrier exhibited
an outstanding thermal stability, and its failure temperature was 100 °C higher than that
of the APTMS diffusion barrier. This was because the carboxyl groups and sterically
hindered benzenes were introduced into the self-assembled monolayer after the carboxyl
group modification, which enabled one to effectively inhibit the diffusion of the copper
atoms. Therefore, the self-assembled carboxyl-terminated APTMS has a good reliability
and thermal stability, opening up new prospects for the application of Cu interconnects in
the near future.
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