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ABSTRACT: The development of a controllable, selective, and repeatable 1! ALE cycle
etch process is crucial for controlling the layer thickness and patterning of ~

two-dimensional (2D) materials. However, the atomically thin dimensions
and high structural similarity of different 2D materials make it difficult to
adapt conventional thin-film etch processes. In this work, we propose a
selective, damage-free atomic layer etch (ALE) that enables layer-by-layer FENEEERY =R
removal of monolayer WSe, without altering the physical, optical, and
electronic properties of the underlying layers. The etch uses a top-down
approach where the topmost layer is oxidized in a self-limited manner and
then removed using a selective etch. Using a comprehensive set of material,
optical, and electrical characterization, we show that the quality of our ALE
processed layers is comparable to that of pristine layers of similar thickness. The ALE processed WSe, layers preserve their bright
photoluminescence characteristics and possess high room-temperature hole mobilities of 515 cm?/V-s, essential for fabricating high-
performance 2D devices. Further, using graphene as a testbed, we demonstrate the fabrication of ultra-clean 2D devices using a
sacrificial monolayer WSe, layer to protect the channel during processing, which is etched in the final process step in a technique we
call sacrificial WSe, with ALE processing (SWAP). The graphene transistors made using the SWAP technique demonstrate high
room-temperature field-effect mobilities, up to 200,000 cm?®/ Vs, better than previously reported unencapsulated graphene devices.

N

KEYWORDS: atomic layer etch, layer-by-layer etch, self-limiting oxidation, WSe,, graphene

H INTRODUCTION These techniques involve high-energy lasers, focused-ion
beams, thermal/vacuum annealing, gaseous-phase surface
treatments, and plasma-based etching. High-energy lasers and
focused-ion beams have shown to be effective for controlled
etching of MoS,; however, these techniques are limited by
their throughput and limited scalability.”” Thermal/vacuum
annealing and gaseous-phase surface treatments offer a fast,
repeatable, and wafer-scale etching process and have been
widely used to etch various TMDCs such as MoS, and
WSe,.*” However, detailed electrical and optical character-
ization of the etched flakes, required to support their suitability
in device applications, has been lacking.

Meanwhile, a wide range of plasma-based etching techniques
has been developed for 2D materials due to their high

Etching is one of the cornerstones of modern semiconductor
device processing. The development of suitable etching
techniques is essential for fabrication and large-scale
integration of next-generation devices. In this regard, atomic
layer etching methods become critical to advance devices made
from 2D materials, such as graphene and transition metal
dichalcogenides (TMDCs), as their optical and electronic
properties change with layer thickness."” Controllable etching
is also required for reliable patterning, clean layer transfers, and
high-quality ohmic contacts to 2D materials.”* Although
etching of conventional bulk materials has demonstrated
reliable sub-10 nm resolution, etching methods for two-
dimensional (2D) materials are still in their infancy. Control-
lable etching of 2D materials has been a challenging task due to

the presence of large surface-to-volume ratios (such that any Received: October 13, 2020
surface damage readily impacts device performance), high Accepted: December 8, 2020
structural similarity between different 2D materials, and lack of Published: December 22, 2020

a suitable etch-stop layer.”
To date, several etching techniques have been proposed to
control the layer number and patterning of 2D materials.
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Figure 1. ALE process flow and XPS characterization. (a) The topmost layer of WSe, is removed by first oxidizing the flake using UV+O; for 30
min at room temperature, forming monolayer tungsten oxyselenide (TOS) that is subsequently removed with a mild 10 s dip in 1M KOH solution.
The etching process selectively removes the topmost oxidized layer without damaging the underlying layers. (b) XPS spectra of the W (4f) peak for
a 4L WSe, flake showing the appearance of W—O peaks after the UV-ozone process. The peaks corresponding to W—O bond formation disappears

after the KOH treatment, indicating the removal of the TOS layer.

throughput, low variability, and CMOS compatibility. In this
regard, some of the earliest works involved the development of
hydrogen-plasma etching methods for selective patterning of
graphene edges over the basal plane for advanced nanoribbon
devices.'”™"* These techniques were then expanded to other
low-dimensional materials such as carbon nanotubes (CNTs)
and MoS, where plasma-based surface treatments were used to
perform defect annealing and create high-efliciency hydrogen
evolution reaction (HER) sites."*™'® Subsequently, soft-plasma
etching techniques were developed to achieve layer-by-layer
etching of graphene and MoS,."~** These methods provide
great control on the thickness with minimal damage to the
etched layers. However, most plasma-based layer-by-layer
etching techniques are not self-limiting in nature due to
associated physical etch and thus require careful optimization
of several parameters such as plasma density, sample distance
from the plasma source, and etching time to achieve monolayer
precision.24

In this article, we introduce a clean, area-selective, and
damage-free atomic layer etch that overcomes the aforemen-
tioned issues of existing techniques for etching 2D materials.
Our ALE process is a top-down approach that involves cyclical
steps of self-limited oxidation and selective etch to achieve the
desirable layer thickness. We chose tungsten diselenide (WSe,)
as a platform for demonstrating the ALE process due to the
widespread interest in its unique properties such as high
quantum yield, large spin-orbit coupling, and ambipolar charge
transport. In addition, our method employs a wafer-scale,
room-temperature process with the potential of having high
throughput for use in back-end-of-the-line (BEOL) integra-
tion.

Furthermore, using graphene as a testbed, we demonstrate
that our ALE process enables etching and cleaning of the top
surface of the channel after device fabrication resulting in
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pristine high-quality 2D devices. Generally, high-quality 2D
devices are fabricated using a dry/wet transfer of mechanically
exfoliated or chemical vapor deposition (CVD)-grown 2D
materials on insulating hexagonal boron nitride (h-BN).
However, these transfer processes are marred by large surface
contamination, unintentional trapping of residues, and non-
homogeneous topography, which results in poor device
performance and large device-to-device variability.”> Here, we
use monolayer WSe, as a first-of-its-kind sacrificial 2D layer to
protect the surface of a monolayer graphene transistor from
any polymer residue during different fabrication steps. We
finally remove the sacrificial WSe, layer with ALE processing
(SWAP) technique and demonstrate high-quality graphene
transistors with field-effect mobilities 3X than our control
devices fabricated using direct polymer-based transfer
technique.

B RESULTS AND DISCUSSION

As shown in Figure la, our ALE process consists of two
distinct steps:

1. Self-limited oxidation of the topmost WSe, layer. The
sample is exposed to ozone (O,) under ultraviolet (UV)
light for 30 min at room temperature.

2. Selective etching of the oxidized layer. The sample is
dipped in a 1 M potassium hydroxide (KOH) solution
for 10 s and then rinsed with DI water.

In the first step, UV-ozone exposure converts the topmost
WSe, layer into monolayer tungsten oxyselenide (TOS). The
UV-ozone oxidation was performed in SAMCO UV-2 system,
a commercially available UV-ozone cleaning/stripping tool.
The process was performed at room temperature with an
oxygen flow rate of 3 L/min. The oxidation process starts with
the dissociation of O; into molecular oxygen (O,) and singlet

https://dx.doi.org/10.1021/acsami.0c18390
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Figure 2. Monolayer precision of the ALE process. (a) Optical images (top), AFM scans (middle), and height profiles (bottom) of an exfoliated
WSe, flake on SiO, at each stage of the ALE process. The as-exfoliated bilayer region (2L) is etched down to monolayer (1L), and the monolayer
region is completely removed after the oxidation and etching step. (b) Raman spectra for the as-exfoliated, oxidized, and etched flake from (a). The
Raman spectra were taken near the center of the 2L region of the flake. The removal of the Big peak (in the inset) corroborates the conversion from
a bilayer to a monolayer. (c) PL spectra are taken from the as-exfoliated bilayer region of the flake given in (a) at each stage of the ALE process.
The PL spectra show a clear transition from a broad, low intensity bilayer spectrum to a sharp, high-intensity monolayer spectrum, in agreement
with our optical and AFM results. (d) Optical images highlighting the self-limiting nature of our oxidation process. Only a single layer of WSe, is

removed despite using a (5X) longer oxidation process (2.5 h).

oxygen radical (O ('D)) in the presence of UV light. Then, the
singlet oxygen radical (a strong oxidizing agent) reacts with the
topmost WSe, layer to give monolayer TOS in a self-limited
manner. This process is similar to that used by commercial
UV-ozone cleaners to remove organic polymers from the
surfaces of bulk semiconductors.

To confirm the presence of TOS, we performed X-ray
photoelectron spectroscopy (XPS) on a four-layer (4L) WSe,

1932

flake stacked on a thick h-BN flake using the polycaprolactone
(PCL) polymer-based dry transfer process.”® Figure 1b shows
the XPS spectra for the tungsten (W (4f)) core level at each
stage of the ALE process. Compared to the as-exfoliated
sample, the spectra for the oxidized sample show two
additional weak doublet peaks at higher binding energies.
These higher energy doublet peaks correspond to the
formation of W—O bonds, similar to that of tungsten oxide

https://dx.doi.org/10.1021/acsami.0c18390
ACS Appl. Mater. Interfaces 2021, 13, 1930—1942
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(WO,) observed in a previous work.”” Additionally, the
presence of stronger doublet peaks corresponding to WSe, in
the oxidized sample indicates that our oxidation process only
affects the topmost layer. This is further confirmed by Raman
and photoluminescence (PL) measurements, which are
discussed in the subsequent sections. The slight redshift in
the binding energies of the WSe, peaks after oxidation can be
attributed to the doping of the underlymg layers due to the
presence of the TOS layer on top.”® To confirm that the
oxidation produces a homogeneous layer of TOS, we oxidized
a 1L WSe, flake, as shown in Figure S1. Our method produces
a clean, continuous oxide film after UV-ozone exposure, which
was confirmed using optical and atomic force microscopy
(AFM) techniques. Our Raman measurements on the same
oxidized monolayer sample (Figure S2), depict the amorphous
nature of the top TOS layer as no Raman peak between 790—
810 cm™! (indicative of crystalline WO, ) was observed.”

In the second step, we dip the oxidized samples in a 1 molar
(M) KOH solution to selectively remove the topmost TOS
layer. KOH has been previously shown to selectively remove
tungsten oxide (WO,) without etching the underlying WSe,
layers.”® We then rinse the etched samples with DI water to
completely remove KOH traces from the surface. As detailed
in the following sections, the underlying layers are not affected
by this mild etching process. XPS spectra for the etched sample
show that the doublet peaks corresponding to the TOS layer
are completely removed after KOH treatment, while the peaks
corresponding to WSe, peaks are restored to their pristine
form (no shift in binding energy compared to the as-exfoliated
sample). The above steps can be repeated in a cyclical manner
to remove the desired number of layers of WSe, as shown in
Figure S3. Exactly one layer is removed per ALE cycle with
minimal damage (if any) to the etched layers as shown by the
Raman and PL characterization. Furthermore, we demonstrate
that our ALE process is area-selective by removing WSe, layers
from a particular section of a few-layer flake (Figure S4) by
using a poly(methyl methacrylate) (PMMA) mask. This shows
that our ALE process is patternable and can be used to
selectively remove WSe, layers from a particular area to create
novel 2D structures.

To further support our claim of monolayer precision, we
investigated a WSe, flake exfoliated on a 285 nm SiO,/Si
substrate with naturally abutting monolayer (1L) and bilayer
(2L) regions. Figure 2a shows the optical and AFM images of
the flake at each stage of the ALE process. The optical contrast
of the entire flake changes significantly after oxidation such
that the oxidized 1L region (labeled TOS) is nearly
indistinguishable from the substrate and the oxidized 2L
region (labeled 1L with TOS) is visually similar to 1L WSe,.
The corresponding AFM images for the oxidized samples show
the presence of both bilayer and monolayer regions of the flake
after oxidation when compared to the as-exfoliated flake, which
confirms that the change in optical contrast is due to oxidation
rather than etching of the top layer. This is also evident when
we study the height (thickness) profiles where, rather than a
decrease, we observe an increase in thickness of both 1L and
2L regions after oxidation that corresponds to the creation of
the TOS layer with a different bonding configuration.
Subsequently, the flake undergoes the etching step after
which the monolayer region is completely removed and the
bilayer region is thinned down to monolayer with no apparent
change in the shape or size. The similarity in the optical
contrast between the etched-to monolayer (bilayer etched to a
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monolayer) and the oxidized bilayer further confirms that only
the top layer gets oxidized in our process. Note that the relative
increase in height of the etched-to monolayer to that of the as-
exfoliated monolayer can be attributed to the etching of the
neighboring SiO, region. We further confirmed this by
comparing the thickness of the pristine and etched-to
monolayers on an h-BN substrate, which depicts a similar
thickness as shown in Figure SS.

Next, we performed Raman and photoluminescence
characterization on the same flake to corroborate our optical
and AFM results. Figure 2b shows the Raman spectrum of the
as-exfoliated bilayer region at different steps of the ALE
process. For the pristine bilayer (indicated in dark red), the
dominant peak occurs at a Raman frequency of 249.42 cm™},
which corresponds to the convoluted A, + Ezg peak, where A,
represents out-of-plane and Ezg represents in-plane vibrational
modes. These modes are indistinguishable in our experiment
since we have employed an unpolarized laser and thus can only
be distinguished using curve fitting.' Along with this, a
secondary peak occurs at 258.12 cm™’, known as the 2LA(M)
peak, which represents the double resonance process involving
two phonons from the longitudinal acoustic (LA) branch. Both
A, + E3; and 2LA(M) peaks are present after oxidation, which
confirms that the oxidation process only affects the top layer.
The monolayer precision of our ALE process can be further
corroborated by looking at the Raman mode (Bz) which is
active only in few-layer WSe,.”” As shown in the inset, the B2
peak occurs at 308.32 cm ™" for the as-exfoliated 2L flake but
disappears after the oxidation step 1nd1cat1ng that only the top
layer gets oxidized. Finally, both A, + E3, and 2LA(M) peaks
remain strong after etching with 1.74 cm™ blueshift in the
2LA(M) peak. The strong blueshift of the 2LA(M) peak is
consistent with bilayer to monolayer transition. This confirms
that the oxidation step only affects the topmost layer and the
etching step selectively removes the top TOS layer.

Figure 2¢ shows the PL spectrum for the same flake at each
stage of the ALE process. Here, we observe a clear transition
from a low-intensity, double-peak spectrum for the as-
exfoliated bilayer region to a high-intensity single-peak
spectrum (10X the peak intensity of original bilayer region)
after etching. This increase in intensity and the peak shift
toward a higher energy suggest a transition from indirect
(bilayer) to direct bandgap (etched-to monolayer), confirming
the monolayer precision of our ALE process. Meanwhile, the
PL spectrum for oxidized bilayer looks similar to that of the
etched-to monolayer though with a large redshift (45 meV)
that can be attributed to p-type doping of the underlying
layer.” Finally, Figure 2d shows the color-corrected optical
images of a WSe, flake used to demonstrate the self-limiting
nature of our oxidation process. Here, even after employing a
substantially longer oxidation process (5X than the usual 30
min duration), only the top 1L WSe, (indicated as 1L TOS)
layer got oxidized. The self-limiting nature of the oxidation
process has been previously studied using first-principle density
functional theory (DFT) calculations where it was shown that
the top layer (surface) of TMDCs have high affinity for
oxidation in the presence of oxygen radicals; however, once the
top layer gets fully oxidized, it creates a high vertical diffusion
barrier for further oxidation due to strong and directional
bonding between oxygen and chalcogen atoms, akin to the
native SiO,—Si interface.**** Similar self- -liming oxidation of
TMDCs using low-energy 0x1dat10n processes have been
demonstrated in previous works.*®*” It is noted that the ALE
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Figure 3. Comparison of pristine and etched-to 1L WSe, flakes. (a) (i) Optical images of WSe, flakes confirming the monolayer etch. The as-
exfoliated bilayer (2L) region is etched down to monolayer (1L), and the monolayer region is completely removed. (ii) AFM characterization
confirms the atomic layer etch with no apparent change in shape, size, or topography of the flake. RMS surface roughness (Rq) of the etched-to 1L
is similar to that of the as-exfoliated monolayer, indicating that the ALE process minimally affects the underlying layers. (b) Raman spectrum of the
etched-to 1L WSe, is similar to that of as-exfoliated 1L WSe,. No additional defect peaks were observed in the etched-to 1L WSe, with negligible
change in the peak positions, confirming the crystalline nature of the etched layers. (c¢) STEM images of as-exfoliated and etched-to 1L WSe, taken
at the same scale. The etched flake does not show any noticeable damage or defects when compared to the pristine flake. The electron diffraction
patterns also indicate the single-crystal structure of the etched-to 1L flake with a similar angle and distance between adjacent planes as that of
pristine 1L WSe,, as indicated by arrows in the inset.
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Figure 4. Optical characterization of etched-to 1L WSe,. (a) Optical (gray-scaled) images of pristine WSe, flake (before and after etch) show that
only one layer is removed per ALE cycle. Corresponding PL spectra confirm this with a clear transition from a broad low-intensity bilayer WSe,
spectrum to a sharp monolayer spectrum for etched-to 1L WSe, after the ALE process. The etched-to 1L WSe, flake depicts PL characteristics
similar to the pristine 1L WSe, flake with a 0.55X reduction in the peak PL intensity. (b) Deconvolved room-temperature PL spectra of the pristine
and etched-to 1L WSe, from (a). The PL spectrum for the etched-to 1L WSe, shows the same number of deconvolved peaks (exciton peak (X°)
and hole trion peak (X*)) and similar X*/X° ratio. (c) Integrated PL intensity (I) for as-exfoliated and etched-to monolayers for different pump
laser powers (P). Both as-exfoliated and etched-to flakes show a similar sub-linear behavior. (d) Time-resolved PL decay also corroborates the
similar optical characteristics of pristine and etched-1L WSe, flakes with comparable PL dynamics and decay time constants (7).
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also shows self-limiting oxidation and monolayer etching on
MoSe, with no discernible damage while it does not show
uniform oxidation on sulfide-based TMDCs (MoS, and WS,)
as shown in Figure S6. Thus, further theoretical studies are
required to understand the difference between the oxygen
passivating strength of transition metal sulfides and selenides.
For WSe,, we then selectively remove the only top oxidized
layer using the etching step, further supporting our hypothesis.
Thus, our PL characterization corroborates our optical, AFM,
and Raman measurements and show that our ALE process
removes precisely one layer per cycle.

Having established the monolayer precision of the ALE
process, we then characterized optical, electrical, and material
properties of etched-to flakes (also referred as ALE-processed
flakes) and compared them to pristine (as-exfoliated) flakes of
similar thickness. The quality of ALE-processed layers needs to
be comparable to exfoliated or CVD-grown layers for use in
2D devices. The optical images in Figure 3a(i) shows clear
thinning of the bilayer region to the monolayer after the ALE
process along with the complete removal of the pristine
monolayer region. The corresponding high-resolution AFM
images, shown in Figure 3a(ii), further support the premise of
atomic layer etching. The AFM image of the etched flake
clearly shows that the ALE process is highly uniform with no
apparent damage. This is different to previous oxidation-
enabled etching studies where large etch pits were formed on
the flakes after the etching process.”™*” Note that the slight
increase in (~1 A) in the root mean square value of surface
roughness (Rq) in the etched-to monolayer can also be
attributed to substrate etching due to intercalated KOH as
long-term KOH exposure leads to flake liftoff.

Figure 3b compares the normalized Raman spectrum of the
etched-to monolayer WSe, with that of the as-exfoliated flake.
No additional peaks were observed in the etched-to
monolayer, indicating pure hexagonal symmetry in the etched
layers and the lack of macroscopic defects.”” We used
Gaussian—Lorentzian fits to deconvolve the curve into three
distinct peaks, identified as A;, (cyan), E;, (pink), and 2LA(M)
(green). Compared to the pristine monolayer, all three peaks
Ay E%g, and 2LA(M) are slightly blueshifted by 0.14, 0.14, and
0.31 cm ™', respectively. These small blueshifts are likely due to
residual p-type doping and sample inhomogeneity."' Finally,
we also performed scanning transmission electron microscopy
(STEM) and electron diffraction studies of etched-to and
pristine 1L WSe, samples, as shown in Figure 3c. The STEM
characterization bolsters our Raman measurements by showing
the single-crystal nature of etched-to 1L flakes without any
discernible defects or damage. Moreover, the diffraction
patterns (shown in the inset) of the etched-to and pristine
1L flake show similar distance and angle between the adjacent
planes suggesting similar hexagonal symmetry. Thus, the
Raman spectrum and STEM characterization confirms that
the ALE process maintains the quality of the etched-to
monolayers.

Next, we performed room-temperature PL characterization
to compare the optical quality of etched-to (2L to 1L) and
pristine monolayers. The top panel of Figure 4a shows the
optical image of an exfoliated WSe, flake with both monolayer
and bilayer regions. The optical images clearly show the
etching of the bilayer region to monolayer, which is further
supported by the PL spectra given in the lower panel that
shows a large increase in PL intensity after etching. We also
performed hyperspectral mapping of the entire flake, before
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and after etching, to determine the uniformity of the etch.* As
shown in Figure S7, the ALE technique provides a
homogeneous etch with less than 20 meV variation in the
PL spectral median over the entire etched flake. The PL
intensity variation in the etched-to flake is similar to that of the
as-exfoliated monolayer flake. After confirming the atomic layer
etch, we compared the PL spectra of as-exfoliated and etched-
to monolayer as shown in the lower panel of Figure 4a. Both
spectra show similar PL characteristics with no additional
features in the etched-to monolayer spectrum, except a small
reduction in the peak PL intensity (~0.55X).

We then used Gaussian—Lorentzian fits to extract different
excitonic components within the normalized PL spectra, as
shown in Figure 4b. For as-exfoliated monolayer, a high-
intensity peak was observed at 1.67 eV with a linewidth of 36
meV that corresponds to a neutral exciton (X°) peak for room-
temperature measurements. Along with that, a low-intensity
shoulder peak occurs at 1.63 eV with a much larger linewidth
of 70 meV that is attributed to positively charged trions (X*)
(two holes and one electron).* Compared to the as-exfoliated
monolayer, we see no apparent change in the intensity of the
X° peak except a small redshift (12 meV) and increase in
linewidth (9 meV). The increase in linewidth can be attributed
to several factors such as exciton-defect scattering, sample
inhomogeneity, and residual doping. To rule out the role of
exciton-defect scattering, we performed temperature-depend-
ent PL measurements on pristine and etched-to flakes,
provided in Figure S8. We observe no discernible defect
peaks even at low temperatures (77 K), further supporting our
claim of defect-free etch. Furthermore, the difference between
the excitonic linewidth for pristine and etched-to monolayer
reduces with lowering of temperature, which indicates slightly
increased sample inhomogeneity in etched-to monolayers
leading to larger excitonic linewidths. To understand the role
of residual doping, we adopted the study from McCreary et al.
where the shoulder to main peak intensity ratio was presented
as an important quantitative parameter to determine the
pristine nature of any 2D material."* We observe a slight
increase in X'/X° ratio (0.29—0.33) in the etched-to
monolayer indicating minimal residual doping, however
substantially better than previous works where this ratio
almost doubles after etching.*

Furthermore, we performed power-dependent and time-
resolved PL characterization on the same flake to obtain
insights into the dynamic behavior of PL characteristics in the
etched-to layer compared to that of the pristine WSe, layer.
Figure 4c shows a log—log plot of the integrated PL intensity
(I) as a function of laser power (P) for both as-exfoliated
(pristine) and etched-to monolayers. These logarithmic plots
can be described by the power-law equation, i.e., I &« P% where
@ represents the linearity factor. For exciton-dominant (X°)
PL, a is close to unity at a low excitation power (<1.5 yW) due
to radiative recombination processes governed by a first-order
rate equation. However, in the presence of defects, the linearity
factor deviates from this ideal value and either becomes highly
sublinear (@ = 0.3) or superlinear (a = 1.45), as shown in
previous studies.***” Here, we extracted @ = 0.72 for the
etched-to monolayers, which is similar to that of the pristine
monolayer (@ = 0.84). As discussed before, the slight reduction
in the a value can also be attributed to higher sample
inhomogeneity and trion (hole doping) concentration in the
etched-to monolayer compared to the pristine monolayer.*®
Thus, we do not observe a significant reduction or increase in
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Figure S. Electrical properties of ALE-processed WSe, flakes. (a) Color-corrected optical image (top panel) and device schematic (bottom panel)
of a back-gated 2D device made from an etched-to 3L WSe, flake with transferred via contacts made from Pt in a Hall-bar pattern. The WSe, was
exfoliated as a SL flake and etched-to 3L using two cycles of the ALE process. (b) Output characteristics show a linear behavior at low Vg values
for high gate voltages. (c) Transfer characteristics show good p-type conduction with a high ON current, low hysteresis, and large ON/OFF ratio.
(d) Temperature-dependent transfer characteristics showing the linear region of device operation for V5 < — 80 V. (e) Extracted two (2)-probe
and four (4) probe field-effect mobility (ugg) at Vgg = — 95 V at different temperatures. A high four-probe hole mobility of 515 cm*/V-s at room
temperature denotes the high-quality electrical properties of ALE-processed WSe, flakes.

the a, further confirming the nearly defect-free nature of the
etched-to monolayers.

Figure 4d shows the normalized time-resolved PL decay for
both as-exfoliated and etched-to monolayers. Here, IRF stands
for instrument response function, which indicates the limits of
the measurement system (~20 ps). We used Gaussian-
biexponential fits to extract fast (z;) and slow (7,) decay
time constants, where 7, is associated with the dynamics of
bright exciton, and 7, is associated with dark exciton. The fast
decay constant decreases slightly from 75 ps in the pristine
monolayer to 65 ps in etched-to monolayer, suggesting similar
exciton recombination dynamics in both. Since we do not see
any discernible defects in temperature-dependent PL, the slight
decrease once again indicates larger sample inhomogeneity and
trion density in the etched-to monolayer. Thus, our detailed
PL characterization supports our claim that the optical (PL)
properties (both static and dynamic) of ALE-processed flakes
are comparable to pristine WSe, layers.

Next, we investigated the electrical properties of ALE-
processed WSe, flakes by fabricating an ideal p-type transistor,
one of the most prominent applications of WSe,."” For this, we
fabricated a back-gated field-effect transistor on an ALE-
processed trilayer (3L) WSe, flake, back-gated through a ~60
nm h-BN /285 nm SiO, dielectric stack, as shown in Figure Sa.
The 3L WSe, flake was obtained from an as-exfoliated SL flake
by performing two cycles of ALE process. We chose 3L WSe,
for our study as (i) thick flakes (>10 layer) are largely
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unaffected by etch processes since the majority of current flow
occurs in the bottom layers and (ii) 1L/2L WSe, devices are
limited by high contact resistance resulting in mainly n-type
transport even with high work function metals.””*" To
illustrate this, we fabricated pristine and etched-to 1L WSe,
devices, shown in Figure S9, which depicts similar n-dominant
ambipolar characteristics for both devices. Moreover, the
devices show extremely small ON currents at large negative
Vs values, illustrating the need of a different contacting
technique to study the inherent p-type transport in WSe,.
Therefore, to obtain high-quality p-type contacts, we used a
newly developed technique called transferred via contacts
consisting of platinum (Pt) embedded in h-BN vias patterned
in a Hall-bar structure.>”

Figure Sb shows the output characteristics of the device for
low Vpg values indicating a linear behavior at high gate
voltages, which is useful for extracting accurate field-effect
mobilities. The transfer characteristics, shown in Figure Sc,
depict a high ON current (~10 pA at Vpg = —500 mV),
excellent ON/OFF ratio (10°, limited by the 100 pA leakage
floor of our measurement setup), good sub-threshold swing,
and small hysteresis. Overall, the transfer characteristics
highlight the excellent switching characteristics of the etched-
to 3L WSe, layers. To further quantify the electrical properties
of the ALE-processed WSe,, we extracted temperature-
dependent field-effect mobility (ppg) using four-probe
measurements, as shown in the lower panel of Figure Sa.
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Figure 6. Sacrificial WSe, with ALE processing (SWAP) technique for high-quality 2D devices. (a) Schematic and process flow of a graphene
device made with direct PCL transfer (control device) and using the SWAP technique. The ALE process removes the sacrificial WSe, layer along
with the polymer residue accumulated in the transfer and lithography steps. (b) Raman measurements show the relative cleanliness of the samples.
Raman spectra of the control device show a broadened 2D peak with a small I,,/I; ratio (2.2), indicating the presence of polymer residues on top
of graphene. Raman spectra for the direct transfer device with the WSe, sacrificial layer has a sharper 2D peak, compared to that of the control
device. The subsequent ALE process removes the top WSe, layer along with the polymer residue and leads to a clean graphene surface indicated by
the large I,,/I; ratio, suggesting minimal damage to the underlying graphene layer during the ALE process. (c) Comparison of sheet resistance
(Ryy) for graphene devices made using direct transfer and the SWAP technique, showing better electrical characteristics of the SWAP device with a
Dirac peak close to 0 V, a 2.5X reduction in Ry, at corresponding Dirac peaks, and a 3X increase in effective mobilities extracted using the Kim’s
model (dark gray lines). (d) Room-temperature four-probe field-effect mobility (ypg) of the device made using the SWAP technique shows a
minimum 3X improvement at any carrier density (n,,) over the devices fabricated with direct PCL transfer. The SWAP-enabled device shows

better mobility than an unencapsulated graphene device.”*™®°

The four-probe measurements enable us to measure both two-
probe and four-probe mobilities (corrected for contact
resistance, Rc).” Figure 5d shows the temperature-dependent
transfer characteristics at Vpg = — 500 mV from which we
extracted two-probe and four-probe conductances, given in
Figure S10a,b. We then extracted the field-effect mobilities
from the respective two-probe and four-probe transconduc-
tances at Vg = — 95 V, corresponding to the linear region of
device operation. The extracted mobilities are shown in Figure
Se, and the corresponding hole sheet densities (p,p,) are given
in Figure S10c. Further details of the mobility extraction
technique are provided in the Supporting Information. For our
3L WSe, device, a room-temperature four-probe hole mobility
of 515 cm?/V's at Vg = — 95 V corresponding to p,p = 1.2 X
10'2 ecm™ was extracted, which is the highest reported hole
mobility in few (1—5)-layer WSe, devices. Table S1 compares
the field-effect mobilities of our device with several other
reported high-quality WSe, devices, which shows that our
ALE-processed flakes show similar or higher mobilities than
pristine WSe,-based devices. Note that, since the channel was
not patterned in a Hall-bar geometry, we also calculated the
variation in the extracted four-probe mobilities considering
different electrical widths of the device, shown in Figure S10d.
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Overall, our electrical characterization demonstrates the high-
electrical quality of the ALE-processed WSe, flakes.

So far, we have demonstrated that our ALE process
generates WSe, layers of desired thickness with comparable
material and electrical properties to pristine flakes. Interest-
ingly, we can also utilize the ALE process to provide a path for
clean processing of 2D materials to enable high-performance
devices. For enabling this, we use monolayer WSe, as a
sacrificial layer between the pickup polymer and the flake of
interest. The monolayer WSe, is subsequently etched after the
transfer, leaving the desired material of interest in its pristine
form without any polymer residue. Using graphene as a
platform, we show that devices fabricated with our sacrificial
WSe, layer with ALE processing (SWAP) technique retain a
high electron/hole mobility. We illustrate the advantages of
our ALE process in the clean fabrication of 2D devices by
fabricating two sets of graphene devices: one without WSe,
(the control device) and another with the SWAP technique.
Both devices were made using the previously mentioned PCL
polymer-based dry transfer process. The control device was
made using standard PCL transfer where graphene was picked
up directly by PCL and transferred onto bottom h-BN.
Although this process is much faster than other van der Waals-
based dry transfer processes, it results in significant polymer
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residues on the transferred layer that is hard to remove even
with best cleaning techniques such as vacuum annealing and
AFM cleaning. Moreover, subsequent device processing, such
as channel patterning and contact formation, leave additional
resist and solvent residues that contaminates the channel.
Figure 6a shows a schematic of the control device made using
direct PCL transfer, indicating the presence of all kinds of
residue on top of the graphene layer. Raman measurements,
shown in Figure 6b, confirm the presence of significant
residues (even after vacuum annealing) as indicated by a small
cleanliness ratio (I,p/I;) of 2.2, similar to that of other
unencapsulated devices made on graphene on top of h-BN.*

In our SWAP method, we first pick up monolayer WSe, with
PCL polymer and then pick up monolayer graphene using the
PCL/monolayer WSe, stack, which is finally transferred on
bottom h-BN. Subsequently, the Gr/WSe, stack is patterned in
a Hall-bar geometry and edge contacts are formed using the
same etch mask. Thus, graphene remains in its pristine form
and is not exposed to polymer along with clean patterning
using standard lithographic techniques. Raman measurements
of the device with WSe, on top of graphene show smaller full-
width at half maxima (FWHM) of the I, peak compared to
that of the direct-transfer device, indicating a clean graphene—
WSe, interface. Next, we use the ALE process to remove the
top WSe, layer without altering the properties of underlying
graphene. Only the top surface of the monolayer WSe, is
exposed during device processing, so the ALE process removes
this contamination along with the WSe, monolayer, leaving
behind a pristine graphene surface. Raman measurements show
that the L,p/I; ratio increases by 60% after the removal of
WSe, (2.1—3.5) and becomes comparable to that of previously
calculated values for pristine graphene (3—4), demonstrating
the advantages of the SWAP technique.®’

Next, we performed electrical characterization to corrobo-
rate our claim of making high-quality graphene devices using
our SWAP technique. Figure 6¢c compares the four-probe
electrical characteristics of our SWAP device with the control
sample, ie., the direct-transfer device. As discussed earlier,
four-probe characterization enables a comparison of the
intrinsic properties of the channel layer without the effect of
contact resistance. Here, the direct-transfer device shows a
large shift in the Dirac voltage (Vp) toward a negative gate
voltage (Vp 50 V) along with a large sheet resistance (Ry,)
away from the peak. This is also consistent with previous
experimental works that show a large Vj, shift and high Ry,
values due to reduced carrier mobility and large residual
doping due to polymer, photoresist, and solvent residue.”**’
Note that our direct-transfer device shows n-type doping
(negative Vp,) compared to standard graphene devices made
on SiO, due to the use of vacuum annealing and bottom h-BN,
as shown in Figure S11. In contrast, the SWAP device shows
nearly pristine characteristics with the Dirac point at Vg~ 0V
and a 2.5X reduction in R, at the corresponding Dirac voltage
(Vp). We further model the Ry, vs Vg characteristics using the
effective mobility method (u.4) provided by Kim et al,
indicated by the corresponding solid (dark gray) lines.”” In this
method, the gate only controls the carrier density in the device
and thus the sheet resistance can be modeled as Ry
(q(neg(Vgs)pesr) ™', where q is the electron charge. The effective
carrier density can be given as n.(Vgs)

\/ (n(Vgg — Vip))* + (ny)*, where ng is the residual doping
density at the Dirac voltage. Using this method, we extract i ¢
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= 8700 cm?/V's and n, = 6.23 X 10" cm™ for the SWAP
device along with p¢ = 3100 cm®/V-s and n, = 8.73 X 10"
cm™ for the direct-transfer device. Clearly, the SWAP device
provides much better mobilities (~3X) and lower residual
doping (~30%) than the direct-transfer device, elucidating the
importance of clean transfer and device patterning.

To further quantify this improvement, we extracted the
room-temperature field-effect mobility (upz) for the direct-
transfer and SWAP device using the technique described in
previous graphene studies.””®" Details of the mobility
extraction method is given in the Supporting Information. As
shown in Figure 6d, the SWAP device illustrates a 3X increase
in the field-effect mobility at any carrier density (n,) over the
direct-transfer device, similar to the increase in g thus
highlighting the advantages of the SWAP technique. To
compare the SWAP-enabled device with published results, we
plotted the maximum field-effect mobility extracted for
graphene devices made using different cleaning and transfer
techniques. Our SWAP technique provides extremely high
mobilities (~200,000 cm?/V-s), higher than any other
unencapsulated device and below only to fully h-BN
encapsulated graphene devices. Even though fully encapsulated
graphene devices show better characteristics, the fabrication
method is extremely slow and cannot be used for sensing
applications and near-field measurements that require direct
access to the surface of the devices. Thus, our SWAP technique
provides a faster, cleaner, and reliable method to fabricate high-
quality 2D devices with no discernible degradation of pristine
properties.

B EXPERIMENTAL SECTION

Details of XPS Characterization. Multilayer (4L) WSe, flakes
were stacked on a thick h-BN flake by the dry transfer process using
PCL polymer. The flakes were picked up at 50—58 °C and then
transferred onto h-BN exfoliated on another 285 nm SiO,/Si chip.
Finally, the polymer was removed by first melting the polymer at 80
°C, followed by vacuum annealing at 340 °C. XPS measurements
were obtained using the Physical Electronics VersaProbe II XPS tool
utilizing a monochromated Al Ka X-ray source (hv = 1486.7 eV) with
a spot size of 10 m in diameter in an ultrahigh vacuum chamber with
a base pressure of <10~ Torr. The incident X-ray and analyzer were
positioned at 45° to the sample. We used the scanning X-ray induced
secondary electron imaging (SXI) capability of the tool to get data
from the same flake in different runs. The carbon C Is peak at 284.8
eV was used for binding energy calibration. The high-resolution XPS
core-level spectra were analyzed after deconvolution using the least-
squares fitting of spectra with Voigt function (convolution of
Gaussian and Lorentzian functions) after the Shirley background
subtraction.

Details of Raman and PL Measurements. WSe, flakes were
first exfoliated on a SiO,/Si substrate using mechanical exfoliation
from a bulk crystal. AFM topography measurements were performed
in air using the ScanAsyst mode of a Bruker Dimension AFM and
then analyzed using the Bruker Nanoscope Analysis tool. Raman and
PL measurements were performed using the Renishaw inVia confocal
Raman microscope system in ambient air with an unpolarized 532 nm
laser excitation and 100X magnification objective (NA = 0.90) giving
a laser spot size of 1 ym in diameter. Raman spectra were obtained at
a laser power of 100 yW with a 1800 lines/mm grating. Raman
spectra were calibrated with the Raman signature of Si at 520 cm™.
All Raman spectra were deconvoluted using the Voigt function. PL
spectra were collected at a laser power of 20 yW with a 1800 lines/
mm grating having an integration time of 10 s. Voigt fitting was
applied to deconvolute the PL spectra.

Details of Hyperspectral Imaging for Power-Dependent
and Time-Resolved PL. Hyperspectral imaging is performed with
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diffraction-limited spatial resolution, using a home-built multimodal
confocal microscope.*” Briefly, a Ti:sapphire laser (120 fs pulse, 80
MHz repetition rate) is used as the excitation source and focused onto
the sample with an 100X objective with NA = 0.9S. Emission signals
are collected with back-scattering geometry, dispersed by a blazed
grating (150 g/mm), and detected using an electron-magnifying CCD
camera. Laser power is precisely controlled and automatically scanned
using neutral density filters. For time-resolved measurements, signals
are detected by a fast avalanche photodiode, which is synchronized to
the laser pulses using the time-correlated single photon counting
method.

Temperature-Dependent PL Measurements. Temperature-
dependent PL measurements were done in our home-built scanning
confocal microscope. A 460 nm CW diode laser was used as a pump
through a 20X, 0.42 NA objective, and the collected back-scattered
PL was detected using a liquid nitrogen cooled Horiba Symphony II
detector. A 473 nm longpass filter was used in the output path to
block the pump.

Fabrication and Electrical Characterization of WSe, Tran-
sistors. The fabrication process starts with making the transferred via
contacts.”> For this, h-BN flakes were exfoliated onto a SiO,/Si
substrate outside the glovebox. Metal patterns were made using
PMMA resist and Nanobeam NBL electron-beam lithography
followed by trench formation using reactive-ion etch using the
Oxford Plasma Pro 100 Cobra system with a 30/10 sccm flow of SF¢/
O, gas at 20 W power for 1 min. Then, 20 nm Pt/30 nm Au was
deposited in the trenches using electron-beam evaporation followed
by metal liftoff using acetone. The transferred via contacts were then
moved into the glovebox for further transfer process. In parallel,
exfoliated WSe, is first stacked on bottom h-BN outside the glovebox
by the dry-transferred, flip-chip method. For dry transfer, bottom h-
BN is first picked up using a PDMS stamp coated with PPC polymer
at 50 °C followed by a similar pickup for SL WSe,. The PPC film is
then stripped off from the underlying PDMS stamp and then
transferred onto a separate SiO,/Si chip in a flipped manner and then
vacuum annealed to remove the underlying polymer. This stack is
then processed using the ALE method and etched down to 3L WSe,
by two cycles of the ALE. Subsequently, the transferred via contacts
are transferred on top of this etched stack using the same pickup and
transfer process inside a nitrogen glovebox. The top PPC is then
washed away using acetone. Finally, metal contacts and measurement
pads were made using EBL patterning and e-beam evaporation. All
electrical measurements were performed in vacuum (<1 X 10™* Torr)
using a Keysight B1S00A parameter analyzer.

Fabrication and Characterization of Graphene Device.
Similar to the WSe, transistor, all different 2D materials were first
exfoliated on different SiO,/Si substrates. We then find monolayer
WSe, and graphene using an optical microscope. The stacking starts
with the pickup of monolayer WSe, with a PDMS stamp coated with
PCL followed by another pickup of monolayer graphene. The stack is
then transferred on bottom h-BN followed by stripping of the top
polymer using vacuum annealing at 340 °C. After the stack is formed,
edge contacts of Cr/Au (2 nm/80 nm) are made to the graphene
layer using an e-beam evaporated metal after etching graphene using a
CHFj-based RIE process. The use of the same PMMA mask for
etching and metallization leads to easy formation of edge contacts to
graphene. We then used the ALE process to remove the top WSe,
layer. The devices were then annealed at 300 °C to remove any
residue on the top before moving into a vacuum probe station.

B CONCLUSIONS

In this work, we present a clean, selective, and repeatable
atomic layer etch for achieving high-quality WSe, flakes of a
required layer thickness. Using a comprehensive set of optical,
material, and electrical characterization techniques, we
provided a detailed characterization of the ALE-processed
WSe, layers and benchmarked them against pristine (as-
exfoliated) flakes. Our ALE process provides etched flakes with
minimal (if any) degradation in electrical and optical

1939

properties and that are therefore much better than processed
flakes that typically include contamination from polymers,
solvents, and photoresist. We further use our ALE technique to
demonstrate the fabrication of pristine high-quality 2D devices
using WSe, as a sacrificial 2D layer. We show that graphene
transistors protected by a sacrificial monolayer of WSe,, which
is subsequently removed using our ALE process, have a higher
mobility than any other unencapsulated graphene device.
Thus, our ALE process provides a path toward a controllable,
and selective etch that can enable integration of 2D materials
in CMOS technology for future applications.
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