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ARTICLE INFO ABSTRACT

Keywords:
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The effects of poly(methyl methacrylate) PMMA removal procedures on the surface chemistry of both geological
and synthetic MoS, are investigated. X-ray photoelectron spectroscopy (XPS) is employed following acetone
Ozone dissolution, thermal annealing, and ultraviolet-ozone (UV-O3) treatment of PMMA-coated MoS, samples.
X-ray photoelectron spectroscopy Specifically, we focus on the efficacy of polymer residue removal procedures and oxidation resistance of the
Photoresist residues different samples. Acetone dissolution followed by ultra-high vacuum (UHV) annealing was highly effective in
removing carbon residues from one type of geological sample however not for a synthetic sample produced by
sulfurization. Similarly, different types of samples require varying lengths of UV-O3 exposure time for proper
removal of residues, and some exhibit oxidation as a result. UV-O3 exposure followed by a UHV anneal resulted
in successful removal of carbon residues from MoS, produced by sulfurization while a substantial carbon signal
remained on a chemical vapor deposited MoS, sample subjected to the same process. Differences in the effects of
removal procedures are attributed to differences in surface morphology and material quality. For device fab-
rication applications, this work highlights the importance of developing PMMA removal processes specific to the

MoS, used with full consideration for the processing required to obtain the MoS,.

Poly(methyl methacrylate) (PMMA) is commonly used for the
transfer and photolithographic processing of 2D materials [1]. Che-
mical dissolution of PMMA in acetone is known to leave polymer re-
sidues on the surface of the sample [2-4]. In graphene-based devices,
the presence of PMMA residues has been found to significantly affect
important device properties such as doping, mobility, and contact re-
sistance [5-9]. Contamination from polymer residues can also result in
non-conformal growth of gate dielectric layers [10]. To decompose the
residues following PMMA dissolution in acetone, the sample is typically
annealed in vacuum or a controlled gas environment. Exposure to ul-
traviolet-ozone (UV-O3) has also been suggested to aid in the removal of
PMMA residues, manifesting in reduced contact resistance in graphene
devices [7,9]. While the removal of residues from graphene has been
studied extensively, the effects of PMMA residues and means of their
removal from MoS, are not reported to date. This work uses X-ray
photoelectron spectroscopy (XPS) to characterize MoS, following dif-
ferent PMMA removal procedures, including acetone dissolution, UV-
O3 treatment, thermal annealing in ultra-high vacuum (UHV), and a
combination of the three processes.

UV-O;3 treatment of MoS, has been previously implemented for a
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variety of applications in film growth and device processing on MoS,
materials of different types. For example, Azcatl et al. use UV-O3 to
functionalize the surface of mechanically exfoliated geological MoS, for
improved atomic layer deposition of gate dielectrics [11,12] and Van Le
et al. demonstrate improved performance of photovoltaics with UV-O3
treatment of MoS, nanosheets derived from sonication of MoS, powder
[13]. Evidence suggests that different types of MoS, material can ex-
hibit differences in surface chemistry upon UV-O3; exposure. For ex-
ample, Azcatl et al. [11] show that geological MoS, exposed to UV-O3
for 15 min does not form Mo oxide nor exhibit MoS, bond scission,
whereas Yang et al. [14] and Van Le et al. [13] observe oxidation of
MoS, monolayer nanosheets after 3min and 15min of UV-Oj3 treat-
ment, respectively. Park et al. [15] demonstrate that the formation of
oxide is dependent on UV-O3; power settings. Power settings are scar-
cely reported meaning that results from independent studies in the
literature cannot be compared in an attempt to discern differences be-
tween different types of MoS,. Understanding potential differences re-
quires a side-by-side comparison of samples processed with identical
parameters. This was performed by Kurabayashi et al. [16], who report
that geological MoS, has a higher oxidation resistance to UV-O3 than
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chemical vapor deposited (CVD) material. Nevertheless, the effect of
UV-O3 treatment on polymer removal from geological and synthetic
MoS, is not yet reported. Our work examines UV-O3 for polymer re-
moval from synthesized films and bulk geological MoS, crystals, both of
which are frequently used for device fabrication.

Two types of synthetic material were examined in this study. The
first synthetic MoS, was synthesized by sulfurizing thin Mo films. This
method is similar to that of Tarasov et al. [17]. Mo films 4 nm thick
were e-beam deposited onto SiO,/Si substrates that were cleaned with
acetone, isopropanol and de-ionized water. The substrates were loaded
into a home-built horizontal CVD reactor and sulfurized at 750 °C and
1.6 kPa for 20 min using 30 scem (standard cm®/min) flow of H,S di-
luted with 1000 sccm Ar carrier gas. This method produced =10 nm
thick polycrystalline MoS, films with an average grain size of =20 nm.
The second type of synthetic sample, CVD MoS,, was synthesized using
a micro-cavity based CVD technique at atmospheric pressure while
flowing ultrahigh pure Ar gas. MoO3 and sulfur powders were evapo-
rated at 750 °C onto a sapphire substrate sonicated in acetone and
isopropanol [18]. The MoS, films were transferred to a SiO,/Si sub-
strate following reported procedures using a polystyrene film [19].
Additional details of the growth and transfer processes are included in
Supporting information. Geological MoS, samples from two different
vendors (SPI [20] and Ward Science [21]") were investigated in addi-
tion to the synthetic samples. Bulk geological crystals were mechani-
cally exfoliated for surface cleaning immediately prior to PMMA spin
coating.

Both types of synthetic and geological MoS, samples were spin
coated with a 30 mg/mL solution of PMMA (M,, = 996,000 by GPC) in
chlorobenzene at 3000 rpm for 1 min and then 1000 rpm for 1 min with
an acceleration rate of 1000 rpm/s [5]. After spin coating, the samples
were left on a hot plate for 10 min at 60 °C to cure the PMMA. The
samples were then soaked in acetone for 2h and subsequently treated
under different conditions before XPS characterization. UV-O3 treat-
ment was performed in air using a UV grid lamp connected to a 3kV,
0.03 A power supply (BHK, Inc.). XPS data was acquired using two
different systems. Experiments 1 and 2 described in Table 1 were per-
formed with a Scienta R3000 analyzer at a pass energy of 50 eV with a
monochromated Al ka X-ray source in a Scienta-Omicron UHV system
described elsewhere [22]. Experiment 3 described in Table 1 was per-
formed in a PHI VersaProbe III UHV system with a monochromated Al
ka X-ray source at a pass energy of 26 eV and a spot size of 100 pm.
Annealing was performed in the same UHV chamber as the XPS,
meaning that the samples were not exposed to air after the final an-
nealing step.

Fig. 1(a) shows the C 1s spectra for both samples after PMMA dis-
solution in acetone and after annealing in UHV at 550 °C for 30 min
(Experiment 1). The carbon on the starting material is adventitious
carbon with a primary component at about 284 eV corresponding to
C—C bonds and higher binding energy components corresponding to
C—0—C and C—OH bonds [23]. After spin coating, curing, and dissol-
ving PMMA in acetone, the total carbon signal increased by approxi-
mately a factor of 2 in the Synthetic A sample and by a factor of 5 in the
Geological A sample. These numbers indicate a substantial quantity of
PMMA residues when compared with adventitious carbon. It is not
surprising that less adventitious carbon was present on the starting
surface of the geological sample since it was exfoliated immediately
prior to the experiment. There is also less PMMA residue left on the
geological sample. This might be explained by the fact that the two
samples exhibit drastically different surface morphologies as shown in
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Table 1
Experiment processes.

Process Samples

Experiment 1 PMMA spin-coating
2h removal in acetone
30 min UHV anneal at 550 °C
PMMA spin-coating
2h removal in acetone
Sequential UV-O3 exposures
30 min UHV anneal at 550 °C
PMMA spin-coating
2h removal in acetone
2min UV-O3; exposures
30 min UHV anneal at 550 °C

Synthetic A (sulfurized Mo)
Geological A (SPI)
Experiment 2 Synthetic A (sulfurized Mo)
Geological A (SPI)

Experiment 3 Synthetic A (sulfurized Mo)
Synthetic B (CVD)
Geological A (SPI)

Geological B (Ward's)

the atomic force microscopy (AFM) images in Fig. 2. The root-mean-
square (RMS) surface roughness of the Synthetic A sample was found to
be 1.7 nm (Fig. 2(a)) whereas the Geological A sample has a surface
roughness of 73 pm (Fig. 2(b)) in agreement with literature values [24],
indicating that it is atomically flat. Higher surface roughness in the
synthetic sample also provides more surface area for PMMA residues to
physisorb. We also note the emergence of a state at =290eV corre-
sponding to C=O0 bonds [25,26] which disappears after annealing.
Following annealing, 30% of the acetone-dissolved PMMA carbon
signal remains on the Synthetic A sample whereas only 9% remains on
the Geological A sample. It is clear that annealing after solvent dis-
solution of PMMA is not sufficient for achieving a clean MoS, surface.
As Fig. 1(b) indicates, no significant changes in the Mo 3d and S 2p
regions are observed in the Synthetic A sample. We note that after
annealing there is an asymmetry on the low binding energy side of the
Mo and S regions of the geological sample. This is likely due to the
variations in local doping typical of geological samples [27].

To determine if UV-O3 treatment prior to UHV annealing can en-
hance the removal of carbon, a second set of samples were sequentially
exposed to UV-O; for varying lengths of time after an initial PMMA
dissolution with acetone (Experiment 2). These samples were measured
with XPS after each treatment. The carbon spectra for synthetic and
geological samples after UV-O3 treatment are shown in Fig. 3(a). Air
exposure between treatments led to a slight increase in the carbon
signal of the geological sample between the 0.5min and 1 min treat-
ments, however the general trend for both samples is a steady reduction
in the carbon signal with increasing UV-O3 exposure time. All carbon is
removed from the surface of the synthetic sample after a total of 10 min
and from the geological sample after 5 min.

Spectral changes are observed in the Mo 3d and S 2p regions, shown
in Fig. 3(b), indicating modifications in the surface chemistry of the
material as a result of UV-O; and post-treatment annealing. In the
Synthetic A sample, we detect the increase of the Mo—O state after
2 min of exposure. The state increases in intensity relative to the Mo—S
state as UV-O3 exposure time is increased. After 10 min of exposure,
50% of the Mo signal corresponds to Mo—O. In contrast, no Mo—O is
observed in the Geological A sample at any time meaning that Mo—S
bonds are preserved. The RSF-normalized S/Mo ratio of the Mo—S state
stays constant at a value of approximately 2 for all exposure times for
both samples.

In the S 2p spectrum, we begin to see a new doublet after 5 min in
the Synthetic A sample and after 2 min in the Geological A sample at a
binding energy of =164.8 eV. This state was also reported by Azcatl
et al. [11] in a geological MoS, sample without any evidence of Mo—S
bond scission, and is therefore thought to correspond to S—O bonds
from oxygen adsorbed to rehybridized sulfur atoms on the surface of the
material. The appearance of this state in our geological sample, which
also does not exhibit Mo—S bond scission, is consistent with this as-
signment. In the Synthetic A sample, we begin to observe the S®*
oxidation state at =168 eV [28] after 5 min, indicating the presence of
SO,. The formation of sulfur oxide in the film is not surprising given the
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Fig. 1. (a) C 1s, (b) Mo 3d and S 2p spectra acquired on starting material, after acetone dissolution, and after UHV annealing.
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Fig. 2. AFM images of (a) sulfurized MoS, and (b) geological material showing a drastic difference in surface roughness.
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Fig. 3. (a) C 1s, (b) Mo 3d and S 2p spectra acquired after varying lengths of UV-O3 exposure time.

formation of MoOy, which is indicative of Mo—S bond scission. Syn-
thetic MoS, is known to have inferior crystalline quality (i.e., higher
density of defects) compared to geological materials [29]. This explains
its susceptibility to damage by UV-O3 in comparison to the geological
sample. After UV-O3, the samples were annealed in UHV at 550 °C re-
sulting in some removal of oxide states. In both samples, the surface-
bonded oxygen was thermally desorbed, and no change in S/Mo stoi-
chiometry was observed. While the MoS, chemistry is comparable to its
initial condition, the effects of UV-O3 damage on the electronic prop-
erties of the material are not examined here. The oxidation behavior of
the Synthetic A sample is discussed in Supporting information.

We note that the samples used in Experiments 1 and 2 are not a
comprehensive sampling of the wide variety geological and synthetic
MoS, that are available. We highlight this by expanding our study to
include geological and synthetic MoS, (Geological B and Synthetic B)
from separate sources processed in parallel with Geological A and
Synthetic A. The two synthetic samples were produced by different

processes, sulfurization and CVD. The CVD sample underwent a poly-
styrene mediated transfer process following deposition from the growth
substrate onto SiO,. As a result of the different fabrication techniques,
these two samples inherently exhibit different properties. For example,
prior work has shown that sulfurized Mo such as Synthetic A can be
vertically aligned while Synthetic B and the geological samples are
planar [30]. The two geological samples are obtained from different
vendors. The purpose of Experiment 3 is to examine the effect of the
same PMMA removal process on the four different materials.

All four samples were spin-coated with PMMA, soaked in acetone,
exposed to UV-Oj3 for 2 min, and annealed in UHV at 550 °C for 30 min.
XPS data, as shown in Fig. 4, was acquired following acetone dissolu-
tion, UV-O3 exposure, and the final annealing step. In the C 1s spectra,
it is apparent that carbon removal was more effective in Synthetic B
than Synthetic A, and more effective in Geological A than Geological B.
Furthermore we note that Synthetic B shows no signs of Mo—O features
that are the evidence of Mo—S bond scission in Synthetic A. We note
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Fig. 4. C 1s, Mo 3d and S 2p spectra acquired after acetone dissolution, after 2 min of UV-O3 exposure, and after UHV annealing.

that Synthetic B exhibits a significantly lower RMS surface roughness
value (=450 pm) than Synthetic A (1.7 nm). Similarly, Geological A
exhibits a lower RMS surface roughness (73 pm) than Geological B
(120 pm). For a given family of materials (synthetic vs. geological),
surface roughness likely plays a role in the efficacy of PMMA removal
treatments. While Geological B had a lower RMS surface roughness than
Synthetic B, carbon removal was more effective for the synthetic
sample. The reason for this is not clear, but it could potentially be due
macroscopic defects in the geological sample, such as bunched step
edges or other defects, resulting in high sticking coefficient regions that
could be missed by AFM but fall within the analysis area of XPS.

We conclude that optimal process parameters for PMMA removal
vary depending on the type of MoS, material due to differences in
surface morphology and material quality. We note that this study ex-
amined geological material from two particular vendors and synthetic
material fabricated using two specific methods, and our results may not
be generalizable for all geological and synthetic samples. This work
highlights that not all MoS, is created equal, and that optimum PMMA
removal process conditions cannot be generalized but are instead de-
pendent on the source of MoS,.
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