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Abstract— Layered semiconductors, such as transition
metal dichalcogenides (TMDs), gained popularity due to
their unique properties favoring different applications. For
all practical applications, it is essential to have the ability
to pattern these layered semiconductors as per the desired
dimensions, which are derived from device design or circuit
design. Due to its anisotropic nature, plasma or reactive
ion etching (RIE) has been the most used technique for
patterning bulk semiconductors or thin films. This article
unveils the challenges associated with the fluorine-based
(SFg and CHF3) plasma etching of TMDs. Subsequently,
a detailed root cause analysis is presented with the solution
to the problems thereof. We have discovered: 1) high affinity
of resists leading to unwanted resist residues over the TMD
surface and 2) unintentional doping induced by the fluorine
plasma, due to fluorine occupation at the interstitial sites
near sulfur (S) defects or its occupation of an S-defect site
in the TMD. This was observed despite the surface being
masked by the resist. Physical insights were developed
using atomic force microscopy (AFM), Raman spectroscopy,
electrical characterization, field-effect mobility and transfer
length method (TLM)-based contact resistance compari-
son, and density functional theory (DFT)-based atomistic
computations. Furthermore, these insights are used to
demonstrate an improved plasma recipe, which mitigates
these challenges and allows realization of transistors over a
patterned channel while offering characteristic similar to an
intrinsic/pristine layer. Finally, the improved plasma recipe,
developed for MoS,, is also shown to be effective for MoSe,,
WS,, and WSe; layers.

Index Terms—MoS2, MoSe2, plasma etching, transition
metal dichalcogenide (TMD) etching, TMD FET, TMD pattern-
ing, WS2, WSe2.

|. INTRODUCTION
TTRIBUTED to the ultrathin crystal structures, defect-
free flat surfaces, high carrier mobilities, bandgap tun-
ability, direct-to-indirect band transition, ability to withstand
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short-channel effects, and ability to engineer/functionalize
surface as per application’s need, layered semiconductors, par-
ticularly transition metal dichalcogenides (TMDs), have been
proven to be the materials for future nanoelectronics, sensing,
neuromorphic, and quantum technologies [1]. In general, in all
practical device applications using a semiconducting channel,
being it CMOS or sensors or neuromorphic, the channel
material is required to be patterned in a desired shape or
dimension. This often involves plasma or wet etching of the
channel material by masking the desired active area using
a lithographic mask. For atomically thin layered materials,
plasma etching has been a challenge as either the plasma dam-
ages the ultrathin and sensitive layered material or the resist
may have an affinity toward the atomically thin surface [2].
Wet etching leads to isotropic etching and cannot produce
ultrasharp edges, potentially giving rise to edge states [3], [4].

For few-layer TMDs, while there is no literature on defect-
free method for active area patterning, for MoS,, there have
been a few initial efforts to etch the material with the intention
to thin it down, e.g., using HNOj3-based wet chemistry [4],
by dry oxidation of the channel [5], and by exposing MoS;
to different plasma conditions [6]-[12]. However, it is worth
highlighting that none of these techniques were explored
in the presence of the resist material over the active area.
For patterning monolayer-TMDs, particularly chemical vapour
deposition (CVD) MoS,, oxygen plasma has been an often-
used approach [13]; however, it is incredibly time-consuming
to pattern few-layer TMD using oxygen plasma. Besides,
no report exists on oxygen plasma’s impact on channel
properties post patterning/etching. A large etching time can
also potentially harden the resist and eventually damage
the ultrasensitive surface while removing the resist layer.
Moreover, hardened resist leaves enough resist residue over
the active area, which significantly deteriorates the channel
properties. Besides, longer exposure of resists to oxygen
plasma is prohibited as the oxygen plasma also etches the
often-used resist materials, making the process rather com-
plex. Finally, hard masking is not an option for ultrathin
layered materials. Plasma recipes, such as XeF, and CFj,
have also been reported with low etch rates, leading to similar
issues such as oxygen plasma. In summary, a technique to
etch TMD layers, particularly in presence of masking resist
and without impacting the TMD layer adversely, is still
missing.
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Keeping in mind these gaps, a plasma etch technique is
required to be developed while ensuring that the etch chemistry
does not perturb the active area physically or chemically.
This article presents the patterning of various TMDs through
electron-beam lithography while investigating different fluo-
rine chemistries. Choice of fluorine chemistry is attributed
to its high reactivity and a faster etch rate. Two specific
combinations of fluorine plasma, i.e., SFg [11], and for the
first time, CHF3, are investigated with a target to pattern
multilayered MoS,. Besides, this article addresses the follow-
ing three significant issues associated with plasma etching
while developing physical insights using experiments and
density functional theory (DFT)-based computations: 1) resist
affinity toward the ultrathin surface leading to resist residues;
2) chemical doping of the active area induced by plasma
exposure through the resist; and 3) crystal damage due to ion
diffusion through the resist and its sidewalls. The reported
chemistry/process has been further optimized to eliminate
these issues. Finally, the developed chemistry is validated
for other TMDs, which generalizes the applicability of the
proposed approach.

[I. EXPERIMENTAL AND COMPUTATIONAL APPROACH

Back-gated TMD devices were realized using electron-beam
lithography to study the impact of plasma-based patterning
techniques on the resulting active area’s physical, chemical,
and electrical properties. Large TMD flakes were mechani-
cally exfoliated over a cleaned Si0O,(90 nm)/Si(p™") substrate.
Flakes with the desired thickness of ~10 nm were identified
using a high-resolution optical microscope and atomic force
microscopy (AFM). For patterning, two layers of polymethyl
methacrylate (PMMA), one sensitive thick bottom layer, fol-
lowed by a less sensitive thin top layer, were spin-coated
over the sample. Post-electron-beam lithography (exposure),
PMMA patterns were developed using the MIBK:IPA solution.
The sample was then exposed to reactive ion plasma inside a
reactive ion etching (RIE) chamber to etch out TMD from the
undesired regions. Subsequently, source/drain contacts were
formed using the electron-beam lithography and liftoff process
followed by a soft anneal. The flakes were characterized
through AFM and Raman spectroscopy in the intermediate
steps to assess the change in the channel quality and closely
analyze the presence of damage or residues. All the devices
were characterized electrically inside a cryogenic vacuum
probe station while maintaining vacuum below 10~ torr
across all measurements. While the back-gated TLM structures
with channel lengths 0.3, 0.5, 0.8, 1.0, and 1.2 ym were
realized, for comparison, the shortest channel length device
(0.3 um) was used unless mentioned exclusively.

[1l. RIE oF TMDs: THE PROBLEMS AT HAND
A. SFg Chemistry: Affinity to Resist Layers

SF¢ chemistry was a natural choice, to begin with, attributed
to the selectivity it offers between the target material to
etch (TMD) and substrate (SiO,) beneath it. SFg was earlier
reported to etch MoS, without any significant removal of SiO,

beneath. SF¢ plasma follows the following etch chemistry:
MoS, + 4SF¢ — MoF, + 2SFg + 2SF,. (1)

By-products of this chemistry, i.e., MoFs, SF4, and SFg,
are volatile and swept away without leaving any residue [11].
It should also be noted that SF¢ will also partially etch PMMA.

Etching of MoS, flakes using this chemistry on bare
samples, such as reported earlier for thinning MoS, flakes
[8], [11], revealed approximate etch rates of more than 2 nm/s.
The same did not follow when resists were used to mask a
certain region. Fig. 1(a) shows a high-resolution optical micro-
scope image of one of the back-gated devices with 0.3-um
channel length. Rectangles drawn in Fig. 1(b) depict the
regions that were partially blocked using PMMA, whereas the
channel region (the region between S/D metal) was completely
blocked by PMMA. While the SF¢ plasma is not expected
to etch SiO,, however, the region inside the rectangles in
Fig. 1(b) depict uneven contrast. This difference has been
probed using AFM, as shown in Fig. 1(b)—(f). Fig. 1(b) shows
the corresponding AFM scan of the entire area, whereas
Fig. 1(c)—(e) shows the zoomed-in high-resolution scans of
areas marked with white rectangles in (b). All the scans display
different contrast regions seen in the optical image with clear
boundaries. Plots numbered (1)—(5) of Fig. 1(f) present the line
plots along the white dashed lines marked in Fig. 1(c)—(e).
All the line plots depict a dip of approximately &3 nm at
the boundary of the patterned rectangle. This dip demarks
the regions with different contrasts. Post this dip, the surface
roughness was found to be significantly higher (7 nm), which
is attributed to the residue generated by the reaction of plasma
with PMMA/MoS,, which was redeposited inside the open
regions.

To further probe this, back-gated transistors have been
characterized electrically. A comparison of input character-
istics of devices released over patterned flakes (SFg etch)
and flakes without patterning (pristine) is presented in Fig. 2.
SFg etch devices depict very low ON currents and high OFF-
state leakage than the pristine back-gated devices. Lower ON
currents imply the residue at the metal-MoS, interface for the
devices over the patterned flakes. Residue adds an unwanted
barrier at the metal-semiconductor interface, lowering carrier
injection significantly. It is attributed to fluorine and sulfur
radicals’ reaction with the bottom layer of PMMA at the
PMMA/SiO; interface forming a thin layer of ~3 nm. The
same reaction with PMMA at the interface of PMMA/MoS,
creates a barrier layer of thickness ~3 nm for carriers crossing
the interface, thereby reducing the ON currents drastically.

The SF¢ etch chemistry is, therefore, not an affordable
process when used in conjunction with resists mask. The
residue below the S/D contacts can be eliminated by pat-
terning the MoS, flake after the deposition of contact metals,
as reported by Kotekar-Patil et al. [14]. However, the residue
inside the channel region can still influence the top dielectric
growth, channel mobility, and gate-stack yield. Therefore, pat-
terning through a plasma process, without leaving residues and
without degrading the channel properties, becomes mandatory.
To address this, another plasma process with the same fluorine
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Fig. 1. Atomic microscopy analysis of rectangular pattern of size 10 um x 20 um consisting of patterned flake. (a) Optical image describing the

contrast differences inside and outside the rectangular patterned area along with the presence of postetch residues. (b) Corresponding AFM scan
of the area. (c)—(e) Zoomed-in high-resolution scans of the areas marked with the white dotted rectangles in (b). (1)—(5) of (f) are the line plots taken

along the white dotted lines marked in the zoomed-in scan areas.
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Fig. 2. Comparison of electrical characteristics of the devices over
patterned flakes using SFg plasma and devices fabricated over flakes
without patterning. (a) Input characteristics and (b) output characteristics.

chemistry is being explored and presented in the following
subsection.

B. CHF3 Chemistry: Unintended F—Doping?

In this section, we would assess the ability of CHF;
plasma to etch MoS, without adding to postetch residue.
CHF; plasma is less reactive than SF¢ plasma, and therefore,
CHF; plasma is expected to avoid postetch residue issues
(in presence of resist) as observed in the previous section.
On the other hand, CHF; plasma chemistry is the same as
SFe plasma, and hence, the etch behavior must not drift
significantly.

Similar to the SFs plasma, initial experiments are conducted
on an unmasked sample followed by a high-resolution optical
microscopy analysis. As predicted, the chemistry has shown
lesser etch rates, i.e., etching thinner flakes of thickness ~6 nm

Contact Pads Patterned MoS, Flake

Fig. 3.  AFM scan of a device fabricated over a patterned flake using
CHF3 plasma.

in 15 s and 50 nm in 2 min (the same for SF¢ plasma was 6 nm
in 5 s and 50 nm in 30 s). Relatively lower etch rates with
linear etch depth with time offer a far better control over the
etching process.

Similar to SFg plasma, qualitative experiments to inves-
tigate postetch residues were carried out by fabricating
back-gated devices on MoS, flakes patterned using CHF;
plasma. The characteristics were compared with back-gated
FET on flakes without patterning. The AFM scan of patterned
flake and a TLM sample realized over the patterned flake is
shown in Fig. 3. AFM scan confirms the absence of postetch
residue as earlier seen for SFg plasma (see Fig. 1). A com-
parison of input and output characteristics of this device with
the device over an intrinsic flake (flake without patterning)
is presented in Fig. 4. Fig. 4(a) shows a negative shift in
the threshold voltage, higher OFF-state (S/D leakage) current,
degradation of the subthreshold slope (weaker gate control),
and around 50% drop in ON-current. The output characteristics
depict the ohmic behavior of the contacts with symmetric
conduction, similar to the pristine devices, highlighting the
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Fig. 4. Comparison of electrical characteristics of the devices over
patterned flakes using CHF3 plasma and devices fabricated over flakes
without patterning. (a) Input characteristics and (b) output characteristics.
Both the TMD layers (pristine and patterned) were chosen to be of same
thickness.

absence of any physical residue at the metal-semiconductor
interface unlike seen in SFg plasma case. A high OFF-state
leakage with negative shift in threshold voltage signifies the
creation of new donor-like states (or n-type doping) over the
patterned MoS, flake. Lower ON-current without affecting
the contact behavior signifies drop in carrier mobility, pos-
sibly due to impurity scattering caused by added dopants (or
donor states) and/or compressive strain introduced in the 2-D

layer [15] from the fluorine plasma. A similar kind of doping
and introduction of strain was earlier reported in case of N,
plasma [16]. Degraded subthreshold slope also signifies n-type
doping of the channel. These hypotheses/claims, however, are
required to be validated to probe the root cause of the observed
degradation in transistor performance. This has been addressed
in the next section.

IV. F—DOPING: PATHWAYS, ROOT CAUSE
ANALYSIS, AND SOLUTION

A. Root Cause Analysis

Increased leakage and poor subthreshold slopes for the
patterned devices can be attributed to the doping caused by the
plasma process [17]-[19]. The doping mechanism attributed to
plasma exposure is, however, not well understood.

Fig. 5 shows possible pathways for the plasma (in this case
fluorine) radicals to reach the masked active region. In case
of SFg plasma, its high diffusivity and high reactivity lead to
the formation of a thin residue layer over the entire surface
of MoS,, which resulted in a significant residue leftover as
seen earlier. For CHF; plasma, low reactivity and diffusivity
have resulted in rather controlled etch rates causing no residue
layer at the interface. However, the fluorine radicals reached
via the diffusion process and may have doped the MoS,
layer. Besides the diffusion through the MoS,-PMMA (bottom
layer) interface, depicted by dashed blue arrows in Fig. 5,
the fluorine radicals can also diffuse through the PMMA
layer, as shown by red arrows in Fig. 5, and dope the MoS,
layer. To dope MoS;, these fluorine radicals may occupy an
interstitial site or may occupy a chalcogen vacancy site. This
has been explained and explored further in this section.

However, before we investigate the role of fluorine radicals
at the interstitial site and the chalcogen vacancy site, it is
worth confirming the presence of doping using experimental
means. To confirm the doping as explained above, devices

Plasma
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Fig. 5. Schematic representation depicting possible diffusion pathways
for the fluorine radicals (depicted by blue spheres) causing fluorine
radicals to reach masked MoS; layer: 1) via MoS,-PMMA (bottom layer)
interface, depicted by dashed blue arrows, and 2) through PMMA mask,
depicted by dashed red arrows.
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Fig. 6. Comparison of Raman spectra across patterned and intrinsic
flakes. Patterned flakes show relative shifts in both A;4 and E; peaks
signifying, doping, and compressive strain for the patterned flakes.

Pristine Pristine
- - - Patterned 204- - - Patterned

(a) Vas(V) (b)

Fig. 7. Comparison of (a) contact resistance and (b) field-effect mobility
of the devices over patterned flakes using CHF3 plasma and devices
fabricated over flakes without patterning. Here, the contact resistance is
extracted using the transfer length method (TLM).

are characterized by the Raman spectroscopy. Raman spectra
extracted from the patterned and intrinsic flakes are compared
in Fig. 6. Aj, and Eég peaks in the spectra extracted for the
patterned flakes, when compared to intrinsic flakes, show a
relative shift. A shift in Aj, peak of ~—0.14 cm~! confirms
the presence of n-type doping [20]. A relatively smaller shift
corresponds to lower doping concentration, which correlates
with the /-V characteristics depicting relatively lower negative
shift by noticeable ON current degradation, which can be
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Fig. 8. Atomic analysis for minimum energy states (post structural
optimization or energy relaxation computation) for fluorine atoms as
surface adsorbent and as interstitial. Fluorine as adsorbent over pristine
MoS, crystal (a) before and (b) after optimization for minimum energy
state. Fluorine as interstitial over pristine MoS, crystal (c) before and
(d) after optimization for minimum energy state. Fluorine as adsorbent
over sulfur defected MoS, crystal (e) before and (f) after optimization for
minimum energy state. Fluorine as interstitial over sulfur defected MoS
crystal (g) before and (h) after optimization for minimum energy state.
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Fig. 9. Effect of fluorine as adsorbent/interstitial on the band structure of
MoS, crystal (a) pristine crystal, (b) with fluorine adsorbed over pristine
MoS, crystal, (c) with fluorine adsorbed over S defect, (d) with fluorine
as adsorbent/interstitial in pristine MoS, crystal and (e) with fluorine
interstitial near S-defect of MoS,. Here, knorm ranges from 0 to 1, with
the symmetry points I, M, L, A, I, K, H, and A located at 0, 0.167, 0.26,
0.428, 0.52, 0.714, 0.806, and 1.0, respectively.

attributed to increased impurity scattering. The shift in Eég
of ~0.3 cm~! confirms a mild compressive strain introduced
into the 2-D layer [15], which also leads to a drop in carrier
mobility [15]. A similar kind of doping and introduction of
strain was earlier reported in case of N, plasma [16].

Raman results (the presence of doping and compressive
strain) imply that the type of doping can only be substitutional.
Unlike surface charge transfer doping, where the dopants
get adsorbed on the surface via charge transfer, dopants in
substitutional doping replace/occupy atomic/empty sites in
the crystal. This substitutional doping is attributed to the
substitution of fluorine atoms [17].

To further validate the presence of doping and strain,
we have compared contact resistance and field-effect mobility
for cases with and without plasma. The assumption/hypothesis
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Fig. 10. Comparison of density of states (DoS) for different crystal

configurations studied. (a) Fluorine atom adsorption over pristine MoS»
crystal, (b) fluorine atom adsorption over S-defect in MoS, crystal,
(c) fluorine interstitial atom in pristine MoS, crystal, and (d) fluorine
interstitial atom near S-defect in MoS; crystal.
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Fig. 11.  Two different sets of test structures realized over the same
wafer, for probing the pathways for the fluorine atoms causing doping of
MoS:; layer. (a) and (b) Devices realized on layers that were intentionally
patterned and (c) and (d) devices realized on rectangular flakes (flakes
that are relatively uniform in width) while keeping it masked by PMMA
from all the sides during the plasma process.

is that if fluorine radicals cause n-type doping (as shown from
Raman), then the contact resistance of devices with fluorine
plasma must be lower. Also, if fluorine radicals have resulted
in compressive strain (as shown from Raman data), then the
field-effect mobility of devices with plasma exposure must be
lower than devices without plasma exposure. Fig. 7(a) and (b)
confirms these.

B. F—Doping: Physical Insights

It is worth investigating the nature and role of fluorine rad-
icals as dopants, which is explored using the DFT-based band
structure and density of states computations using quantum-
wise Atomistix ToolKit (ATK) [21], [22]. Energy optimization
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is extracted using the transfer length method (TLM).
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Fig. 14. Input characteristics comparison of devices realized over a
pristine layer (without exposing to plasma process, however keeping rest
of the process identical) and over patterned layer with different plasma
exposure times. All the TMD layers, used for this comparison, were
chosen to be of the same thickness.

was done with 0.01-eV/A force and 0.001-eV/A3 energy
cutoffs. Perdew—Burke—Ernzerhof (PBE) form of generalized
gradient approximation (GGA) functional with Grimme-D2
Van der Waals (vdW) correction was incorporated to cap-
ture long-range vdW interactions. Due to an extremely low
energy and density plasma, the dopants (fluorine radicals) are
expected to occupy an interstitial site and sulfur vacancy sites
rather than replacing the sulfur atom from the crystal [17].
Fig. 8 shows various atomic configurations possible in
terms of fluorine radical’s placement at different adsorption/
interstitial sites in the 2-D TMD crystal. Here, a 7 x 7
unit cell of MoS,, with and without sulfur defect, is con-
sidered for computational studies. Before band structure
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Fig.15. (a) Contact resistance and (b) field-effect mobility comparison of
devices realized over patterned layers (patterned device) while keeping
different plasma exposure times and devices realized over a rectangular
MoS, layer without exposing it to the plasma process (pristine device).
The rest of the process was kept identical. Here, the contact resistance
is extracted using the transfer length method (TLM).

Contact Pads

Patterned TMD Flake

Fig. 16.  AFM map of one of the patterned device, realized over other
TMD layers.
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Fig. 17. Comparison of Raman spectra across intrinsic and patterned
layers of different transition metal dichalcogenides. (a) WSy, (b) WSe»,
and (c) MoSe,. The spectra depict no shift in respective peaks, con-
firming the absence/negligible amount of unintended F-doping when an
optimized recipe was used.

and density of states computations, these structures were
optimized for each atom to achieve a low energy state,
which is required to estimate the exact positions of adsorp-
tion and interstitial and substitutional sites for the fluorine
atom.

Band structure (see Fig. 9) and density of states (see
Fig. 10) plots show that S-defect alone is observed to intro-
duce inevitable n-type doping with a shift of Fermi level
by ~0.25 eV. For the case of fluorine adsorption/interstitial
over pristine MoS,, a shift of approximately ~0.15 eV toward
the valence band is observed. This corresponds to p-type
doping and, however, is less influencing as n-doping is already
present with S-defect naturally. Without S-defect, fluorine
atom adsorbed over MoS; crystal or sitting at an interstitial
site creates a state near E = (, which does not affect the
electrical properties of the crystal. However, fluorine atom as
adsorbent/interstitial near sulfur defect makes fluorine atom
a substitutional n-type dopant, with high density of state of
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Fig. 18.  Drain current versus gate voltage characteristics of FETs realized over intrinsic and patterned layers of different transition metal

dichalcogenides. (a) WSy, (b) WSe», and (c) MoSe,. The overlapping characteristics confirm the absence of unintended F-doping when an optimized
recipe was used. Both the TMD layers (pristine and patterned) were chosen to be of same thickness.

the introduced shallow donor state. Band structure of this
replacement reveals midgap states closer to the conduction
band (shallow donor state), which results in a further shift
of the Fermi level closer to the conduction band. It amounts
to a shift of approximately ~0.52 eV, introducing relatively
very strong n-type doping compared to doping caused by
natural S-defect. Such a shift in Fermi level is responsible for a
negative threshold voltage shift along with high OFF-state S/D
leakage observed across these devices. Crystal optimization
(energy relaxation computation) and band structure analysis
concludes and confirms the n-type doping only due to fluorine
radicals (with sufficient energy), which occupies thermody-
namically favorable sulfur defect sites or interstitial sites near
sulfur defects.

C. Pathways for F—Radicals

While we have confirmed the presence of doping and com-
pressive strain attributed to substitutional doping caused by the
Fluorine atoms, the pathway for it to reach the MoS, layer
is still not clear. This is worth addressing to probe the root
cause and solve the unintended doping issues. Fig. 5 shows
possible pathways for the fluorine radicals to reach the masked
active region. To decouple the two pathways, we have realized
two special test structures, as shown in Fig. 11. In one case,
the MoS; layer was intentionally patterned, allowing fluorine
radicals to diffuse through the MoS,-PMMA (bottom layer)
interface as well as PMMA layers. Fig. 11(a) and (b) shows
the schematic representation and optical view, respectively,
of the “patterned device.” In the other case, a rectangular
flake was chosen on the same wafer, and it was covered using
PMMA from all sides such that there was no possibility of
fluorine radicals to diffuse through the MoS,-PMMA (bot-
tom layer) interface. Fig. 11(c) and (d) shows the schematic
representation and optical view, respectively, of the “masked
device.”

Fig. 12 compares the input characteristics of patterned and
masked devices for different channel lengths. Compared to
the input characteristics of the pristine device, presented in
Fig. 4, ON current, subthreshold slope, OFF-state leakage, and
threshold voltage can be seen to be degraded in both masked
and patterned device cases. The degradation, attributed to
unintentional F-doping, is, however, lower in case of masked
device when compared to the patterned device. This signi-
fies higher diffusion of F-radicals through the PMMA-MoS,

interface than the diffusion through the PMMA layer directly.
A difference in the strength of doping in these two cases is
further validated by extracting contact resistance and field-
effect mobility of patterned and masked devices, as shown in
Fig. 13. Compared to the pristine device’s contact resistance
and mobility, as shown earlier in Fig. 7, here, both the pat-
terned and masked devices were found to have lower contact
resistance [see Fig. 13(a)] and mobility [see Fig. 13(a)]. The
contact resistance and field-effect mobility for the patterned
device were found to be lower than the same of masked device.
This further confirmed, as explained above, higher F-doping
in the patterned device when compared to the masked device.

D. Solution to the Problem

It is clear at this stage that high F-doping has an adverse
effect on the device’s performance, and therefore, an optimum
exposure time/power combination is required for the complete
etch of TMD layers while avoiding unintended F-doping. This
required further optimization to lower the etch time. Fig. 14
shows the input characteristics of devices with different plasma
exposure times and compared it with pristine device’s charac-
teristics. Fig. 14 shows that while a 2-min exposure resulted in
degraded characteristics (lower ON current, higher OFF current,
lower threshold voltage, and so on), limiting the exposure time
to 1 min offered improved ON current with a minor/negligible
threshold voltage shift. Improved ON current can be explained
by moderate F-doping, which lowered the contact resistance,
as shown in Fig. 15(a), without any observable compromise in
the field-effect mobility [see Fig. 15(b)]. In case of 2 min of
plasma exposure time, degraded characteristics are attributed
to a significant increase in F-doping, which corroborates with
earlier explanations and is confirmed through the significant
drop on field-effect mobility and contact resistance, as shown
in Fig. 15.

V. VALIDATION FOR OTHER TMDs

The optimized plasma recipe, as discussed above, has
resulted in no residue formation and negligible doping.
Its applicability is therefore investigated for the other conven-
tional TMDs, such as WS,, WSe,, and MoSe,, to generalize
the findings and applicability of this work. We found slightly
different etch rates for different TMDs, which is attributed
to lower reactivity of W-based TMDs with fluorine plasma
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than Mo-based TMDs. MoS, and MoSe, had same etch rates.
The same was true for WS, and WSe,. For further validation,
transistors were realized over an intrinsic layer and patterned
layer, as explained in the previous sections. “Pristine” devices
were not exposed to the plasma process, whereas “patterned”
devices were realized over TMD layers patterned using the
optimized plasma recipe. Fig. 16 shows the well-patterned
layer without any residue residing over the active area. Raman
spectroscopy of pristine and patterned channel, as shown in
Fig. 17, shows no shift in respective peaks, which signifies
the absence of unintended F-doping. Subsequently, input char-
acteristics, as shown in Fig. 18, show almost identical drain
current versus gate voltage characteristics with similar ON and
OFF currents. This validates the applicability of the presented
findings above for other conventional TMDs.

VI. CONCLUSION

In this work, the patterning of few-layer, single-crystal
TMDs using fluorine-based (SF¢ and CHF3) plasma chemistry
is successfully examined to achieve the desired dimensions.
SF¢ plasma, which offered a faster TMD etch, resulted in
significant resist residue over the masked TMD layers. This
was attributed to the high reactivity of SF¢ plasma and higher
diffusivity of F-radicals through the resist-TMD interface.
This caused significant channel degradation as seen from a
substantial drop in ON current and a significant increase in
OFF current. On the other hand, CHF; plasma was found to
offer a well-controlled etch with a relatively lower etch rate
than SF¢ plasma. While no resist residue was found in this
case, CHF; plasma caused significant fluorine doping due to
the diffusion of F-radicals from the PMMA-TMD interface
and through the PMMA layer. The presence of doping was
confirmed using the Raman spectroscopy and TLM-based
contact resistance extraction. The F-doping also resulted in
a compressive strain across the material, as observed from
the Raman spectroscopy, which we confirmed through field-
effect mobility extraction. We found the presence of dop-
ing lowered the field-effect mobility and contact resistance.
A direct correlation between the extent of doping, contact
resistance, and field-effect mobility was seen, i.e., the higher
the doping, the lower the mobility and contact resistance.
Mobility degradation due to the unintentional doping, however,
dominated the transistor characteristics, causing reduced ON
current with increased OFF-state current. The exact nature of
doping by F-atoms was modeled/explored using DFT-based
atomistic computations. We found that the F-atoms result in
shallow donor traps when they occupy an S-defect site or
an interstitial site near S-defect. Otherwise, F-doping was
found to be relatively neutral. Through the systematic design
of experiments, extraction of /-V data, field-effect mobility,
and contact resistance, we also revealed that the doping is
contributed through two routes, i.e., PMMA-TMD interface
and through the PMMA layer. In contrast, the contribution of
the PMMA-TMD interface was higher. Finally, these insights
are used to demonstrate an improved plasma recipe that miti-
gates these challenges and allows the realization of transistors
over a patterned channel while offering characteristics similar

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru.

or better to an intrinsic/pristine layer. The improved plasma
recipe, developed for MoS,, is also shown to be effective for
MoSe,, WS,, and WSe, layers.
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