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Abstract

A common problem encountered in semiconductor processing is the oxidation of
metals, for example, copper interconnects that constitute a significant portion of integrated
circuits. Undesired oxidation may be mitigated by the application of a protective coating at
various stages of processing, the removal of which is ultimately necessary but often nontrivial.
To address this challenge, here we demonstrate that acid-labile molecular glasses are both
efficient at protecting copper surfaces from oxidation and readily removed after use. As
evidenced by X-ray photoelectron spectroscopy, thin films of molecular glasses deposited on
copper prevent underlying surface oxidation for at least 120 hours. Molecular glasses that
incorporate imine groups were found to be the most acid sensitive, with a hydrophobic-to-
hydrophilic solubility switch reminiscent of photoresists that is readily tunable by changing the
number of imines per molecule. The exquisite acid sensitivity of these imine-based molecular
glasses provides a mechanism to fully remove the protecting layer in a solution of dilute
sulfuric acid as low as 1 volume percent. In summary, these results highlight the potential utility

of readily accessible and tunable molecular glasses in the design of processes for fabricating

advanced semiconductor devices.



Introduction

Metals—a common and useful class of materials—are unfortunately susceptible to
oxidation, which causes major issues across many applications and industries. Selected
examples include the erosion of infrastructure, contamination of water, and decreased
performance in electronics.'™* Often, undesired oxidation can be mitigated with protective
coatings that prevent metals from reacting with their surroundings.’® Efforts towards
developing novel protective coatings are extensive and typically revolve around tuning
properties of relevance in specific applications. For example, the increasing demand of
batteries has led to the development of coatings for lithium anodes that suppress dendrite

growth.”® In this and other contexts, many chemically inert materials have been investigated,
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including modified nanoparticles,’!° polymers, and composites.

In particular, the semiconductor industry requires a wide range of protective coatings'®
because producing computer chips and memory involves hundreds if not thousands of sensitive
processing steps. There are, in general, at least two desirable traits for these protective layers:
they should be (1) easily applied, e.g. by spin coating or vapor deposition, and (2) easily
removed, preferably under mild conditions. The combination of both properties enables use
without damaging the underlying device at a given stage of fabrication. In the context of
lithography, an important target is copper (Cu)—a common interconnect material due to its
high electrical conductivity (~6.0 x 107 Qm™") and low cost—because it is readily oxidized,
even at low temperatures.'”!® Past work has investigated various protective layers for Cu,

1920 metal alloys,?! and graphene,' as well as small

including alkanethiolate monolayers,
molecules consisting of nitrogen and sulfur heteroatoms with aromatic groups in Cu-dispersed

solutions.”*?* However, a significant challenge in using these materials in the semiconductor

industry resides in the inherent tradeoff between stability and processability. While stability is


https://ko.wikipedia.org/wiki/%EA%B3%B1%EC%85%88

required for a good protective layer, highly stable materials are often difficult to deposit and/or
remove from the substrate. Returning to graphene, although it is indeed an effective protective
coating,”® application requires vapor deposition with custom equipment and removal is
nontrivial under mild conditions.

An appealing solution to this challenge may lie in the design of molecular glasses—
non-crystalline (organic) small molecules that lack long-range order due to local packing
constraints. The amorphous and low—molecular-weight nature of molecular glasses makes
them easy to apply by spin-coating or vapor deposition with standard industry equipment.?®
Moreover, in analogy to the amorphous polymers used extensively as photoresists in
semiconductor fabs, molecular glasses form uniform and isotropic thin films,?’ which is highly
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beneficial for protective coatings since defects such as grain boundaries?
oxidation and other chemical attack.” Equally important, several well-established design
strategies can be leveraged from the fields of drug delivery,*® organic electronics,?!*? and high-
resolution photoresists*>-*4 to prevent crystallization in molecular glasses, including: (1) non-
planarity that disfavors close/regular molecular contact, e.g. skewed aromatic groups, (2) low-
order point-group symmetry to slow crystallization,*® and (3) a lack of strong intermolecular
interactions.>**® When properly designed, molecular glasses can achieve remarkable kinetic
stability and high densities*® that are correlated with decreased gas permeability,** suggesting
opportunities to use them as oxidation-resistant protective layers in semiconductor unit
processes.

Here, we report the synthesis and characterization of acid-sensitive molecular glasses
that were designed to (i) form uniform films, (i1) slow the oxidation of metal surfaces, and (iii)

be readily removed in mild acidic solutions (see Scheme 1). These materials consist of a bulky

aromatic core (to inhibit crystallization) that is functionalized with acid-labile imine groups



through a one-step, catalyst-free reaction with simple purification in high yield.*"* (Figure 1a).
Imine hydrolysis provides a convenient mechanism to switch solubility from hydrophobic
(when protected) to hydrophilic (when deprotected) upon exposure to dilute solutions of
sulfuric acid as low as 1 vol%, facilitating on-demand removal after use. Imine-containing
molecular glasses are also efficient surface-protecting layers that can prevent the oxidation of
copper substrates for at least 120 hours. In summary, our results highlight the potential of

molecular glasses to serve as protective coatings in lithographic applications.
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Scheme 1. Molecular glasses act as protective layers that prevent the oxidation of underlying

substrates.
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Figure 1. (a) Molecular design of acid-sensitive molecular glasses featuring a bulky aromatic
core to prevent crystallization and acid-labile imine bonds. (b) Chemical structure of

representative Imines (/eff) and degradation products (right) formed under acidic conditions.

Results and Discussion
Design of Acid-Sensitive Molecular Glasses

The initial design of our acid-sensitive molecular glasses consisted of three features: a
bulky aromatic core to inhibit crystallization, peripheral phenyl groups that render the starting

molecular glass hydrophobic, and acid-sensitive functionality that causes a switch from
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hydrophobic to hydrophilic upon deprotection. This change in hydrophilicity is key for good
performance as a removable protective layer because the hydrophobic nature of the as-cast
molecular glass minimizes water uptake after application but it becomes soluble when exposed
to dilute aqueous acid (vide infra). Preliminary experiments screened a variety of different acid-
sensitive functionality starting from either hydrophilic (1) tris(4-hydroxyphenyl)ethane
through functionalization with methyl or zert-butoxycarbonyl (Boc) (Figures S1-S2) or (2)
tris(4-aminophenyl)methane through functionalization of the primary amines with nBoc,
maleimide, or imines (Figures S3—S6). Synthetic details and characterization of the various
derivatives are provided in Figures S1-S6. The acid sensitivity of these different molecular
glasses was tested using solutions of sulfuric acid that are common in the semiconductor
industry. First, each molecular glass was deposited on a silicon (Si) wafer by spin coating 30
pL of a 4 wt% solution in THF at 2k RPM for 30 s. The spin coated films were then dipped in
solutions of H2SO4 (aq) (071 v/v%) for 3 seconds and rinsed in deionized water. The results
of these acid-sensitivity tests are summarized in Table 1. While most of the acid-labile groups
required H>SO4 (aq) concentrations as high as 71 v/v% in order to induce sufficient imine
hydrolysis to become soluble, the imine-functionalized derivative required only 6 v/v%. The
mechanism of imine hydrolysis involves attack of protonated iminium by water to cleave an
imine bond into one amine and aldehyde. Hydrolysis is accelerated under acidic conditions,

which likely explains the high acid sensitivity observed here.*!

Table 1. Summary of acid-sensitivity tests for protected molecular glasses with various acid-

labile groups using aqueous solutions of H2SOa.
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#Minimum acid concentration for removal in 3 seconds.

To better understand the products after deprotection, we tracked the extent of reaction
over time with 'H nuclear magnetic resonance spectroscopy (NMR) using representative
solutions containing 0.05 moles of the imine- or nBoc-derived molecular glasses and 1 mole
of H2SO4 in 8:92 vol% D>0:DMSO-ds. Immediately after preparation, the NMR spectrum of
each mixture was collected to represent the initial state (Figures 2a and 2c). For Imine
molecules, a sharp peak at 9.8 ppm originating from the formation of aldehyde was observed
within a few seconds (Figure 2b). Simultaneously, the characteristic imine resonance at 9.3
ppm disappeared. These observations are consistent with hydrolysis of the imine into an
aldehyde and primary amine. In contrast, a clear amide peak at 9.1 ppm remained for the nBoc
glass even after adding 1 mole H2SO4 (Figure 2d). From these results, imine functionality

clearly provides the fastest deprotection kinetics and was selected for further studies.
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Figure 2. Hydrolysis of (a, b) imine bonds surrounding a molecular glass core is significantly
faster than (c,d) a fert-butoxycarbonyl derivative as measured by 'H NMR. For both

experiments, spectra were collected before and after added 1 mole of aqueous sulfuric acid to

a solution of the molecular glass (0.05 moles) in a solution of 8:92 v/v% D>,0O:DMSO-ds.

The ability to tune acid sensitivity of imine-protected molecular glasses was further
examined by varying the number of imine groups per molecule (7). We complemented the n =
3 derivative described above (denoted Imines) by synthesizing analogues with two or four
imine groups per molecule by functionalization of bis(4-aminophenyl)methane and tetrakis(4-

aminophenyl)methane, respectively. The synthetic procedures used to synthesize Iminez and
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Imine4 are described in Figures S7-S12. Like Imines, Imine; and Imines undergo acid-
catalyzed hydrolysis as evidenced by 'H NMR experiments (Figures S13—14). To further study
the relative degradation kinetics of imine-functionalized molecular glasses, UV—vis absorbance
was monitored as a function of time (Figure 3 and Figures S15-S17).** At ¢ = 0 minutes, the
maximum absorbance at 330 nm (4330 nm) for all three derivatives originates from the n—m*
transition associated with the imine group (just Imines is shown in Figure 3a for clarity).*
Upon adding 10 puL of 6 v/v% H2SO4 (aq), the intensity of A330nm rapidly decreases. The kinetics
of this reaction were analyzed by normalizing 433onm With its initial value at # = 0 (Figure 3b).
The slope of these plots suggests pseudo first-order kinetics as expected for acid-catalyzed
hydrolysis.**” Imines undergoes faster hydrolysis than Imines and Imine; as evidenced by the
extracted rates: 0.48 s!, 0.29 s7!, 0.24 s7!, respectively (Figures S15-S17). As a control,
hydrolysis in the absence of any acid was also investigated using 'H NMR (Figure S18). Under
these conditions, hydrolysis was observed in the Imines solution only after 2 days. Acid
therefore greatly accelerates imine hydrolysis. An inverse relationship between the kinetic rate
of degradation and the number of imine groups per molecule confirms that the acid-sensitivity
of these protected molecular glasses is readily tuned by adjusting the number of imine groups

per molecule.
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Figure 3. (a) UV—vis absorption can be used to monitor the deprotection kinetics of imine-
based molecular glasses in a solution of dimethyl sulfoxide and aqueous H2SOs. The trend
observed in the absorption spectra of Imines (as shown) is also representative of Imine, and
Imines. (b) More imine groups per molecular result in faster hydrolysis. There is also an inverse
relationship between the number of imine groups per molecule and the concentration of H2SO4
required to induce degradation as summarized in Table S1. Collectively, these results indicate
the acid sensitivity of molecular glasses can be readily tuned by adjusting the number of imine

groups per molecule.

Uniform Films with Hydrophilicity Switching

After identifying imine-based molecular glasses as a promising platform for acid-
catalyzed deprotection, their performance in thin films was studied. First, Imine>, Imines and
Imines were spin-coated from 4 wt% solutions in THF at 2k rpm for 30 s onto silicon substrates
with native oxide, yielding smooth films with a thickness circa 68 nm as measured by
ellipsometry (Figure S19). All three films can be cleanly removed in a short period of time by
dipping in dilute sulfuric acid as observed visually. Again, the necessary dip time correlates
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with the number of imine groups per molecular: in 1 v/v% of H2SO4 (aq), Imines was removed
in 30 sec, while Imine; required 2 min and Imine> 4 min. Representative images for Imines
before and after removal are shown in Figures 4a (see also Figure S20). These results highlight
the facile removal of imine-protected molecular glasses in dilute H>SO4 (aq). Because acidic
solutions are used in many semiconductor unit processes (e.g. electroplating and wafer
cleaning), these acid-sensitive protective coatings can be used directly without needing a

separate removal step.
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Figure 4. (a) Imine-based molecular glasses form smooth films by spin coating that can be

cleanly removed in aqueous sulfuric acid. (b) Water contact angles are consistent with a

11



hydrophobic—hydrophilic switch after acid treatment. Error bars represent the average and

standard deviation of three repeated measurements.

In order to confirm the complete removal of acid-sensitive molecular glasses and the
ability to recover a pristine surface, we measured water contact angles***° (0) of samples before
and after acid treatment (Figure 4b). Deionized water contact angles were measured at the
liquid—solid interface, where the solid was either an initial Si wafer, protective coating, or (bare)
Si wafer after acid treatment. For the initial Si wafer containing a native oxide layer, si initial =
71° is indicative of a moderately hydrophilic surface. Once the Si wafer was coated with either
Imine; or Iminey, a significant increase in Gimines = 98° and Gimines = 100° is evidence that the
coatings are more hydrophobic. This result is not surprising since Imines and Imines contain
hydrophobic aromatic groups. With subsequent acid treatment, the protective coatings were
removed, recovering the initial state Os; recovered = 75° of the native oxide within measurement
error. Imine; and Iminey4 layers are therefore completely removed upon exposure to a solution
of acid.

Having established the exquisite acid-sensitivity of Imines—a result of having four
imine bonds per molecule—we analyzed its thin films with a variety of techniques to assess
their uniformity and structure (Figure 5a). After solvent evaporation, the surface was flat and
uniform by atomic force microscopy (AFM, Figure 5b). From the AFM data, an estimate of
the root-mean-square roughness (Rq) was extracted (Figure 5d) along the white line shown in
Figure 5b. The resulting Rq = 0.4 nm indicates these spin coated films are highly uniform. In
theory, the long-term stability of molecular glasses should enhance the utility of protective thin
films because they are not prone to crystallization>® that can cause feature collapse on patterned

wafers. We assessed the thin-film structure of Imines with grazing-incidence wide-angle X-ray
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scattering (GIWAXS) to confirm that it is indeed amorphous. As shown in Figure 5c, a two-
dimension GIWAXS pattern of Imines contains no peaks or rings in the ¢ range 0.2 A~! to 2
A~! that would indicate long-range order. A slight halo at ¢ = 1.3 A~ is present, but this feature
is common in glassy materials with a typical intermolecular distance of about 4.8 A. Figure Se
shows an azimuthal scan at ¢ = 1.3 A—the lack of peaks is further confirmation that the
material is amorphous.’! Similar results were obtained for Imines (Figure S21). This behavior
for both Imines and Imines is consistent with the bulk, where only one T, and no crystallization
or melting is observed by differential scanning calorimetry (Figure S22). Clearly, this material
design featuring a non-planar bulky core minimizes close packing that would cause
crystallization. Notably, spin-coated Imines films were stable indefinitely without any obvious
shrinkage or change in color (i.e. from sluggish crystallization) under ambient conditions for

over at least 5 months.
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Figure 5. (a) Thin films of Imines are uniform, flat, and amorphous as evidenced by (b,d)

atomic force microscopy and (c,e) grazing-incidence X-ray scattering. In (e), the azimuthal

profile is shown at g = 1.3 A,

Efficient Protection Against Oxidation

14



Next, to study the efficacy of Imines thin films at preventing Cu oxidation, a series of
experiments was designed that leverage X-ray photoelectron spectroscopy (XPS, Figure 6a).
First, a Cu wafer was loaded into the spectrometer and native oxide was removed by sputtering
with a monatomic ion beam for 20 s under vacuum. The surface of the wafer was scanned
before and after sputtering, with the amount of oxygen reduced from 65.7% (Figure S23) to
1%. Next, the etched Cu wafer was loaded into an air-free sample holder to minimize air
exposure while transferring it from the XPS chamber to a spin coater. Once there, a solution of
4 wt% Imines in THF was immediately spin coated onto the etched wafer. Note that spin
coating was performed under ambient conditions, so brief exposure to oxygen during this step
was unavoidable. The coated wafer was then stored under ambient conditions for different
amounts of “queue” time up to 120 h. After placing the sample back into the XPS, depth
profiling with an argon cluster gun was used to directly measure the Imines—Cu interface and
quantify any oxide regrowth underneath the protective coating.’>>* This set of steps constitutes
the bottom path shown in Figure 6a. Additional control experiments were performed on etched
Cu wafers that were not coated with Imines, on which significant oxide regrowth is expected
during storage under ambient conditions as a baseline for comparison (the top path in Figure
6a).

The oxidation of Imines-coated Cu wafers was first monitored on shorter time scales
between 1-6 h. As an example, Figure S24 shows the depth profile through an Imines-protected
Cu wafer that had been exposed to air for 2 hours. At short etch times, the only detected signals
come from the N1s at 398.1 eV and Cl1s at 284.8 eV, which is consistent with the elements that
make up Imines. As the etch time increases, Cu(2pi2), Cu(2p3») (958-925 eV), and Ols (530
eV) peaks appear while the intensity of the N1s and Cls peaks decreases. This indicates that

the Imines protective coating is being removed and the molecular-glass—wafer interface probed
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underneath. With sufficient etching, the N1s (and C1s) peaks are greatly suppressed, suggesting
the Imines coating has been completely removed. Quantitatively, the relative atomic
percentages of nitrogen, copper, and oxygen were calculated at each etching interval from their
respective high-resolution scans (Figure S25). These calculated values were plotted against
etching time to highlight the change in each element throughout the depth profile (Figure S26).
For the depth profile following a 2 h exposure to air, nitrogen drops from 100% to 0% over
800 sec of etching. Simultaneously, copper and oxygen increase from 0% to 83% and 0% to
17%, respectively. Results for air exposure times of 1, 2, 4, and 6 hours are also available in
the Figures S25-S26. Notably, for Imines-protected samples, the percent oxygen measured
underneath the molecular glass for each queue time did not change appreciably between 1-6

hours, consistently staying at approximately 17% (Figure S26).
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Figure 6. (a) Design of an XPS-based experiment to measure the surface protection afforded
by molecular glasses. (b) XPS survey scans of an etched Cu wafer with and without a protective
Iminey4 layer after 120 h of queue time. The stronger Ols peak is evident in the control sample
without Imines. (c) Quantitative analysis of the atomic % oxygen extracted from either XPS
survey scans [like shown in (b)] or high-resolution scans indicates oxide regrowth underneath
an Iminey thin film is significantly reduced compared to a bare Cu wafer, even after extended

queue times.

Oxidation underneath Imines-coated wafers was also monitored over longer periods of
air exposure up to 120 h. Survey and high-resolution XPS depth profile scans of Imines-coated
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Cu wafers are presented in Figures S27-S28. As a control, the oxidation of Cu wafers that were
etched, but not coated, was also tracked (Figure S29). Figure 6b shows survey XPS depth
profiles of an etched Cu wafer with and without Imine4 after 120 h. The intensity of the Ols
(530 eV) peak is significantly higher than for the Cu control. The level of Cu oxidation for
coated samples compared to non-coated controls over the course of 120 h is summarized in
Figure 6¢. In all cases, the molecular glass significantly reduces wafer oxidation; the percentage
of oxygen measured at the molecular-glass—wafer interface was always less than 20%, even
after 120 h of exposure to air, compared to >60% with bare Cu. We suspect some, if not all, of
this initial oxidation underneath the molecular glass is a result of the brief exposure to air during
spin coating (Figures S30—S33), which could be prevented if the spin coater was placed in an
inert atmosphere. These results highlight the efficiency of Imine4 coatings as protective layers
that reduce the oxidation of underlying materials such as Cu. Finally, the utility of molecular
glasses in preventing surface oxidation may extend readily to other surfaces of interest as they
form reasonably uniform thin films on silicon, cobalt, titanium nitride, and even patterned

substrates with aluminum oxide lines on native silicon oxide in Figure S34.

Conclusions

Acid-sensitive molecular glasses are efficient protective coatings that can be easily
applied by spin coating and removed in dilute solutions of aqueous acid. Key molecular-design
features include: (i) a bulky core to inhibit crystallization, (ii) acid-sensitive imine groups, and
(ii1) an aromatic periphery; the latter two facilitate a hydrophobic-to-hydrophilic switch upon
hydrolysis in sulfuric acid solutions as low as 1 vol%. Kinetic studies revealed that acid-
sensitivity is significantly increased with a larger number of protecting groups per molecule.

Solution-processed thin films of these molecular glasses are easy to apply, uniform, and
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amorphous. Quantitative analysis by X-ray photoelectron spectroscopy indicates molecular
glasses prevent oxidation of a pristine copper surface for at least 120 h with a greater-than
threefold decrease in oxidation relative to uncoated control samples. These results establish the
potential of molecular glasses to serve as easily removable protective coatings that are

compatible with contemporary semiconductor processes.

Experimental
Synthesis

Imines: Tetrakis(4-aminophenyl)methane (0.44 mmol, 0.17 g) was dissolved in
EtOH/DMF (v/v =1:1). Benzaldehyde (1.97 mmol, 0.209 g) was added dropwise into the
solution, and the mixture was refluxed at 70 °C for 48 h. A yellowish solid was filtered and
rinsed with methanol and ethanol. The crude product was purified by recrystallization in hot
THF. The product was obtained as an ivory powder (yield: 58%). 'H NMR (600 MHz, DMSO-
des): 6="1.25 (s, ArH, 16H), 7.48 — 7.52 (d, ArH, 12H), 7.89 — 7.92 (d, ArH, 8H), 8.64 (s, NCH,
4H). 3C NMR (125 MHz, DMSO-ds): & = 63.8 120.95, 129.11, 129.27, 131.67, 136.48,
144.71, 149.70, 161.28. MALDI-ToF (ESI") Exact mass calc for CssHsoNa4 [M]: 732.3253,
found [M+H]": 733.460. Imine; and Imines were synthesized using above synthetic procedure

described in Supporting Information.

General methods

Materials preparation: Proton ('H) and carbon (!*C) nuclear magnetic resonance
(NMR) spectra were collected on a 600 MHz SB Varian VNMRS. The chemical shifts were
measured in parts per million (ppm) downfield. Samples were prepared in deuterated dimethyl
sulfoxide (DMSO-ds). 'H and '*C NMR spectra were referenced using the residual solvent

signal as the internal standard (DMSO-ds, 'H 2.5 ppm, *C 39.52 ppm). FT IR was measured
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with a Thermo Nicolet iS10 FTIR Spectrometer equipped with a Smart Diamond attenuated
total reflectance (ATR) accessory. The resolution of FT IR was 1 cm™ and 40 scans were
averaged for the spectra. The molecular weight of Imines molecules was determined using a
Bruker (Bruker Daltonics, Billerica, MA) Microflex LRF MALDI TOF mass spectrometer.

Electrospray ionization (ESI) source were positive ions.

Surface characterization on spin-coated molecular glasses. Contact angle (6) was
measured by contact angle analyzer (Model 200 Standard Contact Angle Goniometer with
DROPimage Standard) by introducing 5 ul water droplets of molecular glasses spin coated
onto the silicon wafers. UV-visible absorption spectra were collected by Agilent Technologies,

Cary 60 spectrophotometer using a rectangular quartz cell with a 10.0 mm path length.

Molecular glass behavior. Thermal transition behavior was studied using differential
scanning calorimetry (DSC, Perkin-Elmer). For DSC experiments, sample weights were
controlled to be about 3.5 mg and the pan weights were kept constant with a precision of +
0.001 mg. Topographic images were collected with an atomic force microscope (AFM, Asylum
MFP-3D standard system w/low force indenter). Thickness of spin-coated films were measured
with a J.A. Wollam Co. alpha-SE ellipsomer. Grazing Incident Wide Angle X-ray Scattering
(GIWAXS) experiments were performed using a diffractometer with an X-ray source
XENOCS Genix 50W x-ray micro source with a monochromator XENOCS FOX2D multilayer
optics with a detector Dectris EIGER 1M, 77.2 mm x 79.9 mm sensitive area 1030 x 1065 32-

bit image.

Etching native oxide on copper wafer and protection tests. X-ray photoelectron
spectroscopy (XPS) was conducted using a ThermoFisher Escalab Xi+ using Al Ka X-ray
radiation in combination with an electron flood gun. To etch the native oxide layer on bare

copper-coated wafer, a monatomic ion beam (Ar+ ions) with 2 keV energy was used to etch an
20



area (1.25 x1.25 mm?) of the wafer. For depth profiling, an argon cluster ion beam (2 keV
energy, 1,000 cluster size) was used to etch the Imines layer that had been spin coated onto the
etched copper-coated wafer. The etched area was 1.25 x1.25 mm? in size. All spectra were

referenced to the C 1s peak (284.8 eV).
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