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ABSTRACT: To achieve the commercialization of two-dimensional (2D) semiconductors, the identification of an
appropriate combination of 2D semiconductors and three-dimensional (3D) metals is crucial. Furthermore,
understanding the van der Waals (vdW) interactions between these materials in thin-film semiconductor processes
is essential. Optimizing these interactions requires precise control over the properties of the vdW interface through
specific pre- or post-treatment methods. This study utilizes Se-environment annealing as a post-treatment technique,
which allows for modification of the vdW gap distance and enhancement of the stability of the interfacial structure
through the process of Se intercalation and deintercalation at the 2D—3D interface. The depth of Se intercalation
and deintercalation is adjusted by varying the temperature and duration of the postannealing process in an Se
environment. This precise control over the process enables the effective metallization of 2D semiconductors. The
results indicate that expanding the vdW gap and stabilizing the interface structure through this post-treatment
significantly improve the metal contact properties in devices such as field-effect transistors and photovoltaic
Schottky diodes by minimizing metal-induced gap states, thus reducing Fermi level pinning. The application of Se
intercalation and deintercalation techniques achieves an exceptionally low contact resistance of 773 Q:um between
p-type WSe, and Au. Additionally, the integration of doping-free WSe, complementary metal-oxide-semiconductor
(CMOS) circuits using Se-environment annealing and blocking layers is demonstrated, establishing a promising
advancement in semiconductor technology.

KEYWORDS: van der Waals metal contact, reconfiguration, intercalation/deintercalation, two-dimensional materials,
2D—3D vdW interface, post-treatment

1. INTRODUCTION

The interaction between two-dimensional (2D) materials and
three-dimensional (3D) materials is crucial for the integration
of 2D semiconductors, primarily governed by van der Waals
(vdW) bonds.'~* Understanding these interactions is vital,
especially given the predominance of heavy metals and metal
oxides with 3D unit cell structures in high-performance device
integration.s_9 These materials often form strong interactions
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Figure 1. Se intercalation and deintercalation in WSe,and Au via Se-environment annealing. (a) Schematic depicting the Se intercalation and
deintercalation process between transition metal dichalcogenides (TMDs) and Au facilitated by Se-environment annealing. (b) Cross-
sectional scanning transmission electron microscopy (STEM) image of WSe, in direct contact with Au. (c) Cross-sectional STEM image of
WSe, in direct contact with Au following Se-environment annealing, showing van der Waals (vdW) Au contact.

with 2D vdW materials when metal contacts, gate dielectrics,
and substrates are established during the integration process.
The effectiveness of these interactions depends on the stability
of the vdW state and the distance across the vdW gap.
Optimized interfaces typically exhibit weak interactions
between the vdW layers and the 3D materials, exemplified
by techniques such as transferred metal contacts, the Se buffer
layer method, and the oxidation of HfS,.”*® Minimizing
interfacial defects is imperative to preserve the unique
properties of the materials by maintaining a stable vdW state
with minimal detrimental interactions at the interface.”®

Among the various 2D—3D interactions, metal contact plays
a pivotal role in the functionality of all electrical devices.
Consequently, precise control of the vdW bonding between
2D semiconductors and 3D metals is essential. Addressing two
main issues with metal contact is paramount: reducing contact
resistance and eliminating Fermi level pinning (FLP).>*'*™"?
Notably, a study reported the successful fabrication of an n-
type monolayer MoS, field-effect transistor (FET) with
significantly reduced contact resistance, achieved by using
semimetals such as Bi and Sb. These materials are
characterized by their low work function and minimal density
of state (DOS) near the Fermi level,”" ensuring improved
contact efficiency.

The method of growing Sb at optimal substrate temper-
atures effectively reduces contact resistance by modifying the
vdW interactions between MoS, and Sb, attributed to
alterations in the orientation of Sb’s contact surface. Although
this technique is effective in reducing contact resistance, it
faces challenges in achieving high performance in comple-
mentary metal-oxide-semiconductor (CMOS) applications.
This limitation stems from its compatibility solely with n-
type semiconductors rather than p-type, due to the constraints
related to the work functions of Sb metal. For establishing a p-
type contact with low resistance in 2D semiconductors, a high-
work-function metal is required. However, even high-work-
function metals typically exhibit n-type contact characteristics
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due to FLP, induced by interfacial defects or metal-induced
gap states (MIGS) that arise from a narrow vdW gap.”*'®

To reduce FLP, two approaches have been explored: the
transferred metal contact and the Se buffer layer method. Both
strategies aim to eliminate interface defects and MIGS by
shielding the semiconductor from the ener§etic impacts of
impinging metal atoms during deposition.”®'” However, since
these pretreatment methods are applied before the formation
of the metal—semiconductor junction, there is an urgent need
to develop a post-treatment process that can enhance metal
contact properties compromised during subsequent metalliza-
tion steps. The flexible control of metal contact characteristics
postmetallization may benefit from a process similar to the
forming gas heat treatment, commonly employed in silicon
device fabrication.'®

In this study, the process of Se intercalation and
deintercalation was explored, utilizing the unique properties
of Se through an annealing process in a Se environment as a
postmetallization technique for fabricating 2D semiconductor
devices. The phenomenon of Se intercalation has been
previously observed at the interface between hexagonal
boron nitride (hBN) and metals, even though it is notably
limited to specific systems treated via chemical vapor
deposition."””" Utilizing the high diffusivity of Se at the
interface between 2D materials and 3D metals, this study
employed Se for intercalation and deintercalation to modulate
MIGS and stabilize the unstable vdW interfaces caused by
strong interactions between 2D and 3D materials.

Conventionally, intercalation in 2D materials involves
altering the inherent properties of these materials or trans-
forming them into monolayers with new properties by
inserting molecules or atoms into the vdW gap. This insertion
weakens interlayer interactions and expands the size of the
vdW gap.”'~** Consequently, the intercalation between a 2D
semiconductor and metal can attenuate the interactions
between them by introducing atoms into the vdW gap.
Utilizing both the intercalation and deintercalation effects of Se
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Figure 2. Electrical characteristics of WSe, with Au contacts influenced by Se-environment annealing. (a) Schematic and optical images of a
WSe, field-effect transistor (FET) with Au contacts. (b,c) Transfer curves of the WSe, FET with direct Au contact: (b) before Se-
environment annealing at 300 °C for 30 min; (c) after the annealing, with channel length L = 2 ym and width W = 6 ym. (d) Schematic and
optical images of a WSe, Schottky diode with graphite and Au contacts. (e,f) I-V curves of the WSe, Schottky diode with graphite and direct
Au contacts; (e) before Se-environment annealing at 400 °C for 30 min; and (f) after the annealing. The graphite contact was biased, and the

Au contact was grounded.

atoms in a 2D semiconductor/metal system facilitates
outcomes similar to those of resolving FLP by cyclically
inserting and removing Se atoms at the vdW interface between
the 3D metal and the 2D semiconductor. Specifically, after the
intercalation of Se atoms disrupts the strong interaction
between the 2D semiconductor and the 3D metal, the
subsequent deintercalation reestablishes a stable vdW gap
with an increased distance, effectively minimizing MIGS.
Moreover, the intercalated Se atoms contribute to the healing
of surface defects during the deintercalation annealing process
at the interface between the metal and 2D transition metal
dichalcogenides (TMDs), addressing issues such as chalcogen
vacancies that arise from deposition damage, electron beam
irradiation, and etching processes.”> >

2. RESULTS AND DISCUSSION

2.1. Intercalation/Deintercalation of Se into the vdW
Gap between WSe, and Au. As depicted in Figures la and
Sla, this study examined changes in the interface state between
WSe, and Au electrodes under specific conditions. These
electrodes typically exhibit a short vdW gap with strong
interaction due to the high energy of Au atoms during metal
deposition (direct metal contact). The experimental setup
involved creating a thermally evaporated Se atmosphere and
maintaining a substrate temperature that was high enough to
prevent Se deposition on the substrate itself. This setup was
designed to enable both the intercalation and deintercalation
of Se atoms.

The process was engineered so that Se atoms would
penetrate the edge of the patterned Au electrode, traverse the
interface between WSe, and Au, and then exit. Remarkably,
this manipulation led to a noticeable enlargement of the vdW
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gap at the interface and restoration of vdW properties,
indicating the pivotal role of Se atoms in disrupting the strong
interaction between WSe, and Au. Given that Se possesses an
extremely high vapor pressure, it does not deposit at
temperatures of 150 °C or higher; instead, it entirely
evaporates from the sample®® (as shown in Figure S1b).
Additionally, the heat applied to the substrate augments the
kinetic energy of the Se atoms within the vdW gap, thereby
increasing their penetration length. The extent of Se
intercalation through penetration is thus governed by two
primary factors: the substrate temperature and the duration of
the exposure. In the next step, after the Se supply was stopped
and the sample was gradually cooled in a high vacuum, the
residual heat within the sample enables complete deintercala-
tion. This process causes the Se atoms previously intercalated
in the vdW gap to pass completely through the gap and escape
into the vacuum.

To examine the interface dynamics during the Se
intercalation—deintercalation process between WSe, and Au,
cross-sectional transmission electron microscopy (TEM)
analyses were conducted on WSe,/Au samples, both with
and without Se intercalation/deintercalation treatment. Also,
to prevent amorphization or defects in WSe, during the TEM
sampling process, we performed FIB at an extremely low
power. We used samples with both direct Au contact and vdW
Au contact that showed no signs of amorphization or defects in
WSe, after the FIB process, ensuring reliable data. The Au
layer was applied by using electron beam evaporation, and the
WSe, flakes were prepared via the exfoliation method. As
shown in Figure 1b, the direct Au contact without any
treatment typically results in a narrow vdW gap characterized
by strong interactions due to the high energy of the metal
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atoms. However, as depicted in Figure Ic, the vdW gap
between WSe, and Au is notably wider in samples undergoing
Se intercalation/deintercalation. This process effectively
disrupts the strong vdW interactions found in direct Au
contacts, maintaining an increased gap distance even after all of
the intercalated Se atoms have diffused out from the interface.
This suggests that the initial disruption caused by Se
intercalation can be stably preserved through the deintercala-
tion process, resulting in a sustained enlargement of the vdW
gap. Additionally, as shown in Figure S2, although the Au layer
closest to WSe, in the vdW Au contact appears faint in the
TEM image, adjusting the contrast and brightness reveals that
it forms a well-defined FCC gold structure, indicating that it is
not a material like Se—Au alloy.

2.2. Characteristics of WSe, Electrical Devices
According to Se Intercalation/Deintercalation. Further-
more, as illustrated in Figure 2, the electrical transport
properties of the WSe, FET and Schottky diode were
evaluated before and after the Se-environment annealing
process. When Au metal electrodes are used on WSe,, the
high work function of Au (5.1-5.3 eV) positions the Fermi
level of Au at the valence band edge of WSe,.%?’
Consequently, a p-type Ohmic contact is theoretically
established between WSe, and Au in the absence of FLP,
indicating effective contact formation. When FLP occurs at the
interface between WSe, and Au due to MIGS and defect states,
the Fermi level of Au aligns with the edge of the conduction
band of WSe,. This alignment results in an n-type contact,
despite the high work function of the metallic contact. As
demonstrated in Figure 2b, WSe, FETs typically exhibit n-type
characteristics attributable to FLP under direct Au contact
conditions. Conversely, the application of a 30 min annealing
treatment at 300 °C under a Se-rich environment
(Se3omin>"°C) significantly alters the contact properties. This
treatment expands the vdW gap sufficiently to eliminate FLP,
transitioning the characteristics of the WSe, FET from n-type
to pronounced p-type.

To specifically assess the impact of Se intercalation—
deintercalation between Au and WSe, on the characteristics
of the Au contact alone, a WSe, Schottky diode was
constructed with graphite as a bottom electrode and Au as a
top electrode, as illustrated in Figure 2d—f. Graphite, a 2D
vdW material with a low work function, forms an n-type
contact with WSe, without FLP, owing to the clean 2D—2D
vdW interface between graphite and WSe,, ensuring a stable
Schottky barrier height (SBH).* Initially, prior to annealing in
the Se environment, the WSe, Schottky diode with direct Au
contact exhibits positive rectification, as the SBH for electrons
between WSe, and Au is lower than that between WSe, and
graphite due to FLP. However, the rectification direction of the
WSe, Schottky diode reverses after the annealing treatment
(Sesomin °¢), which alters the Fermi level positioning of Au
from the conduction band edge to the valence band edge of
WSe, through Se intercalation/deintercalation. To investigate
the role of Se in modulating interface properties, we conducted
a comparative analysis using WSe, FETs, comparing the effects
of a simple heat treatment in a vacuum without Se to those in a
Se-enriched environment with Se supplementation. As
depicted in Figure S3, n-type WSe, FETs, induced by FLP,
do not undergo a transition to p-type FETs with mere heat
treatment in the absence of Se. However, when FETs in direct
contact with Au undergo heat treatment in a Se environment,
they are converted to the p-type, highlighting the critical role
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of Se in reconfiguring the vdW interface between WSe, and
Au. This finding confirms that FLP cannot be eliminated by
heat treatment alone.

In cases where stable vdW interfaces were pre-established—
either through metal-WSe, contact via the Se buffer layer
method or through 2D—2D vdW contact using a graphite 2D
layer—it was observed that these stable interfaces remained
intact upon further annealing in a Se environment, resulting in
no alteration to the WSe, FET characteristics”*”*" (as shown
in Figure S4). Additional experiments were conducted, where
the WSe, channel was annealed in a Se environment prior to
the growth of Au metal on top to assess changes in metal
contact characteristics. Contrary to expectations, the outcome
revealed that the WSe, FETs maintained n-type characteristics
rather than shifting to p-type, as illustrated in Figure SS. This
suggests that annealing in a Se environment does not induce
changes on the WSe, surface or affects the doping in the
contact region with the metal. Both results from Figures S4
and S5 confirm that the annealing treatment in a Se
environment does not impact doping at the channel surface
of WSe, or the contact region with metal. To further explore
whether the FLP curing effect by Se-environment annealing is
also effective at interfaces with sputter-deposited metal, where
interfacial damage is typically greater than in e-beam
evaporation deposition, we investigated the changes in
electrical properties, and the vdW gap at the interface in
WSe, FETs is fabricated using sputter-deposited Au.

As demonstrated in Figures S6 and S7, the n-type
characteristics of the WSe, FET with direct Au contact,
achieved using the sputtering method, were altered to p-type
following a Se-environment annealing treatment. This process
also resulted in an expanded vdW gap, similar to outcomes
observed with electron beam evaporation deposition. Notably,
as the surface damage in WSe, was more extensive when in
direct contact with Au electrodes using the sputtering method,
the extent of FLP was larger than that using electron beam
evaporation, as illustrated in Figure $8.°”*% Although many
interface defects that occur during Au contact formation by
sputtering can be somewhat remedied by heat treatment alone
(Figure S9), X-ray photoelectron spectroscopy (XPS) and
photocurrent measurements (Figures S10 and S11) indicated
that the healing of surface defects in 2D semiconductors by
sputter-deposited metal atoms is more effectively achieved
through Se-environment annealing than by mere thermal
treatment. These observations suggest that the surface
structure of WSe,, compromised by sputtering deposition,
undergoes a healing process during thermal annealing,
contributing to structural ordering. Concurrently, Se-environ-
ment annealing also aids in the elimination of MIGS by
expanding the interface between WSe, and Au into a more
stable vdW gap state during the Se-intercalation process.”
Additionally, as further confirmed by the XPS spectra, the Au
deposited via the e-beam did not damage WSe, and showed no
signs of defect healing from a Se-environment annealing, with
only an overall doping effect observed. Consequently, we
conclude that the widening of the vdW gap is attributed not to
defect healing by Se, but rather to expansion through Se
intercalation/deintercalation. As shown in Figure S12, the XPS
spectra of the Au islands on WSe, before and after Se-
environment annealing indicate that no Se—Au alloy was
formed.

Further exploring the generalizability of these findings,
experiments involving Te-environment annealing were con-
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Figure 3. Depth of Se intercalation and deintercalation achieved through Se-environment annealing. (a) Schematic and cross-sectional TEM
images showing the boundary of Se intercalation and deintercalation at the interface between WSe, and Au post-Se-environment annealing.
The vdW gap at the edge region, indicative of the vdW metal contact, is wider than that in the central region with direct metal contact. (b)
Schematic illustrating the variation in Se intercalation and deintercalation depth as a function of the annealing temperature in a WSe, FET
with a Au contact. (c) Transfer curves of the WSe, FET with direct Au contact before and after Se-environment annealing at 150 °C, 300 °C,
and 450 °C, with channel length L = 2 gm and width W = 8 pm. (d—f) Short-circuit photocurrent mapping of the WSe, Schottky diode with
Au and graphite contacts; (d) prior to Se-environment annealing; (e) following annealing at 200 °C for 1 h; and (f) after annealing at 400 °C
for 1 h. The laser had a wavelength of 532 nm, a power of 0.5 mW, and a spot size of approximately 2 gm. The graphite contact was biased,

and the Au contacts were grounded.

ducted on WSe, FETs with direct Au contact, as shown in
Figure S13. These investigations aimed to assess whether the
vdW gap expansion effect through intercalation—deintercala-
tion can be replicated using chalcogen atoms other than Se.
The results confirmed that Te-environment annealing does not
affect the intercalation/deintercalation process between WSe,
and Au, indicating no changes in the WSe, FET characteristics
with direct Au contact under these conditions. In the case of S,
similar to Se, the vdW gap expanded, exhibiting p-type
characteristics in WSe, FET with Au contact after S-
environment annealing. (Figure S14)

To evaluate whether Se-environment annealing can be
applied across various TMDs, FET's were fabricated with direct
Au contacts on semiconductor TMDs and assessed before and
after Se-environment treatment. As shown in Figure S15, a
transition from n- to p-type characteristics was observed in
various TMD FETs with a direct Au contact following Se-
environment annealing, suggesting that this treatment can
facilitate Se intercalation and deintercalation across a range of
TMDs and Au interfaces. Cross-sectional TEM measurements
confirmed that vdW gap expansion, due to Se intercalation and
deintercalation, was observed between MoTe, and Au, as
depicted in Figure S16. Moreover, similar changes in electrical
characteristics and vdW gap expansion were observed in WSe,
FETs with Pt metal contacts, which possess a large work
function, post-Se-environment annealing, confirming that the
curing process observed with Au also applies to Pt, as
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illustrated in Figures S17 and S18. Additionally, although we
used 2D flakes with a thickness of approximately 10 to 20 nm,
to verify the effectiveness of p-type behavior after Se annealing
for different thicknesses, we fabricated WSe, FETs with Au
contacts of various thicknesses, as shown in Figure S19, and
evaluated their electrical properties after Se-environment
annealing. As a result, we confirmed that p-type characteristics
were consistently stable in all WSe, flakes with a thickness of 4
nm or greater.

2.3. Penetration Depth of Se Intercalation/Deinterca-
lation between Metal and 2D Semiconductor. The
penetration length of Se intercalation and deintercalation is
determined by the diffusion and subsequent escape of Se
atoms within the vdW gap during Se-environment and vacuum
annealing, respectively.”* As the annealing temperature
increases, the diffusion length of Se atoms also increases,
implying that the penetration length of Se intercalation and
deintercalation extends further from the edge region. As shown
in Figure 3a, cross-sectional TEM was utilized to analyze the
penetration length of Se intercalation and deintercalation at
the vdW interface between WSe, and Au following annealing
under Se,;*®°C. Observations indicated that the vdW gap
length between the top metal layer and the bottom WSe, layer
changed near a point of 250 nm from the edge. This change in
the vdW gap, due to the Se intercalation and deintercalation
processes, effectively converted direct Au contacts to vdW Au
contacts through the Se infiltration process. This clearly
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Figure 4. Density of states (DOS) of WSe, with direct Au contact before and after Se intercalation/deintercalation. (a) Schematic of the DFT
calculation process illustrating Se intercalation and deintercalation between WSe, and Au via Se-environment annealing. (b) DOS for each
W and Se atom in WSe, with direct Au contact before the intercalation/deintercalation process. (c) DOS for each W and Se atom in WSe,
with direct Au contact after the intercalation—deintercalation process (vdW Au contact), showing the nearest distance between a W atom

and a Au atom.

demonstrates the impact of Se, which penetrates up to 250 nm
into the interface, expanding the vdW gap distance before it
escapes back into the vacuum. Additionally, the deintercalation
process was so effective for the high activity of Se that no Se
remained at the interface, and the altered vdW gap remained
remarkably stable thereafter.

As illustrated in Figure 3b,c, the dependence of the
annealing temperature on the Se intercalation/deintercalation
length in WSe, FETs with direct Au contacts was explored.
Increasing the annealing temperature in the Se environment
enhanced the transition from n-type to p-type characteristics,
corresponding to the increased Se penetration length and a
higher proportion of vdW Au contacts than direct Au contacts.
As shown in Figures S20 and S21, as the temperature of Se
intercalation/deintercalation increased, the saturation current
increased and the time required to reach saturation decreased.
To further explore the relationship between Se penetration
length and FET characteristics, electrical properties were
examined in two devices with varying contact lengths. At an
annealing temperature of 300 °C for 30 min, WSe, FETs with
a short Au electrode contact length transitioned from n-type to
p-type characteristics. However, devices with longer contact
lengths exhibited a predominance of p-type characteristics,
albeit with some residual n-type properties (Figure S$22).
Moreover, as detailed in Figure S23, the effects of Se
penetration length during intercalation/deintercalation, influ-
enced by the annealing temperature and time, were
investigated more thoroughly. A heat treatment at 300 °C
for 15 min altered the characteristics of a WSe, FET with a
wide Au electrode from n-type to predominantly p-type with
some n-type characteristics still present. Extending the
annealing time to over 60 min enhanced the p-type
characteristics, even though some n-type features persisted in
devices with wide electrode lengths. However, increasing the
annealing temperature to 450 °C nearly converted the
remaining n-type characteristics to p-type, suggesting that the
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Se penetration length reached nearly the entire length of the
device, achieving an optimal p-type FET. Remarkably, as
shown in Figure S24, the contact resistance between WSe, and
Au was measured using the TLM and found to be
exceptionally low (R. = 773 Q-um), when most of the Au
electrode regions were converted to vdW Au contacts as p-type
regions through high-temperature Se-environment annealing
(Se,%°C). This result highlights the effective stabilization of
vdW Au contacts without FLP. Additionally, the Schottky
barrier height between WSe, and Au was determined through
low-temperature measurements (Figure S$25). The results
showed a barrier of 150 meV (electron) for the direct Au
contact before Se-environment annealing and a significantly
lower barrier of 43 meV (hole) for the vdW Au contact after
Se-environment annealing. The very low barrier of 43 meV is
consistent with the very low contact resistance of 773 Q-pum.

To meticulously analyze the SBH between WSe, and Au
across different metal contact areas, photovoltaic mapping was
performed on the Schottky diode with Au and graphite
contacts following Se-environment annealing, as shown in
Figure S26. Unlike electrical measurements such as I-V
characterization in FETs or Schottky diodes, which assess
electron—hole transport across the entire electrode area,
photovoltaic mapping in a Schottky diode enables the
measurement of local SBH properties at the interface between
WSe, and Au. This is achieved through local interfacial activity
using a focused laser beam.”® To examine the changes at the
interface between WSe, and Au after Se-environment
annealing, a short-circuit photocurrent map of the WSe,
Schottky diode with Au and graphite contacts near the edge
of the Au electrode was conducted. As depicted in Figure 3d,
prior to Se-environment annealing, the photovoltaic photo-
current of the Schottky diode exhibited a weak negative
current, indicating that the Fermi level of Au was closer to the
conduction band edge of WSe, than to that of graphite due to
FLP. A weak positive current was observed in the Au edge
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Figure 5. Doping-free WSe, CMOS inverter with direct Au contact and patterned Al,O; capping layer to control Se intercalation after Se-
environment annealing (Se;omi,**°°¢). (a) Schematic and optical images of a WSe, CMOS featuring direct Au contact with a patterned Al,O,
capping layer after Se-environment annealing. (b,c) Transfer curves of the WSe, FET with direct Au contact after Se-environment annealing
at 450 °C: (b) with the Al,O; capping layer; (c) without the Al,O; capping layer, each with channel length L = 2.5 gm and width W = 10 pm.
(d) Voltage transfer characteristics of the WSe, CMOS inverter. (e) Voltage gains (—dV,,/dV,,) of the WSe, CMOS inverter. (f) Power

consumption (p = Iy X V) of the WSe, CMOS inverter.

region, enhanced by substantial light irradiation onto the
WSe,/graphite interface, contributing to the positive current in
that area.”’ After the annealing process at Se;;”°°%, a strong
positive photocurrent was observed near the edge of the Au, as
shown in Figure 3e.

This change indicates the formation of a vdW Au contact
area from the edge of the Au electrode to the boundary of Se
intercalation/deintercalation, which effectively acts as a p-type
contact, contributing to a strong positive current. However, the
photovoltaic mapping at this annealing condition (Se,,**°°¢)
did not clearly reveal the boundary of Se penetration within
the WSe, Schottky diode, as illustrated in Figure 3e. In
contrast, when the annealing temperature was raised to 400
°C, the mapping data distinctly showed a long region of strong
positive current extending from the Au edge, as depicted in
Figure 3f. This observation confirms that after Se,**°C
annealing, the Se intercalation/deintercalation extends to a
region approximately 1 ym from the edge of Au, highlighting
the effectiveness of Se-environment annealing in modifying the
interfacial characteristics. As shown in Figure S27, in the case
of the WSe, Schottky diode with a graphite bottom electrode
and sputtered Au top electrode, a region exhibiting a strong
positive current was observed following Se-environment
annealing, similar to the photovoltaic mapping results observed
in the WSe, Schottky diode with graphite and e-beam
deposited Au. Compared with the latter, the photovoltaic
current in the sputtered Au sample became positive across a
more extensive area than just the edge region. This broader
distribution of positive current suggests that the effects
observed are due to pure heat treatment rather than solely
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to Se intercalation/deintercalation at the localized edge area.
This explains the changes in the I-V characteristics attributed
to heat treatment effects as observed in Figure S9.

2.4. Density Functional Theory Calculation of Se
Intercalation/Deintercalation. To further understand the
expanding vdW gap between WSe, and Au after Se
intercalation/deintercalation, density functional theory
(DFT) calculations were performed. As illustrated in Figure
§28, the investigation into the variation of stability and length
of the vdW gap between WSe, and Au with increasing amounts
of intercalated Se revealed that the stability of the interface
improves and the distance between WSe, and Au increases
when the amount of Se at the interface exceeds 12.5% in a Se-
rich environment (u = 0). This indicates that Se atoms,
possessing sufficiently high energy, can readily penetrate the
vdW interface between WSe, and Au, thereby increasing the
vdW gap distance. Subsequent structural stabilization through
Se deintercalation results in the formation of a junction state of
WSe,/Au with all Se residues removed. Compared to a W—Au
distance of 4.6 A at the interface without the intercalation
process (direct Au contact), it was observed from Figure 4a
that the interfacial gap distance at the stable interfacial state
after Se intercalation—deintercalation increased to 5.3 A (vdW
Au contact).

Further, Figure 4b,c determines the effect of the Au metal
contact on WSe, according to the distance between WSe, and
Au. The DOS of WSe, in contact with Au was obtained by
performing band structure calculations, providing insights into
the electronic interactions at this modified interface. In cases
involving the DOS of WSe, with direct Au contact (W—Au
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distance = 4.6 A), metal-induced gap states (MIGS) were
observed at the conduction band edge, which contribute to n-
type FLP owing to the orbital overlap resulting from the close
proximity between WSe, and Au. However, in the case of DOS
of WSe, with vdW Au contact after Se intercalation/
deintercalation (W—Au distance = 5.3 A), no MIGS were
detected within the WSe, band gap. This absence of MIGS is
attributed to the weakened interaction and increased distance
between WSe, and Au, which effectively alleviates the orbital
overlap.”***® Additionally, as demonstrated in Figure $29, we
also explored the influence of Se vacancies on WSe, to
investigate whether the expansion of the vdW gap post-Se-
environment annealing was driven by the curing of Se-vacancy
defects or the process of Se intercalation/deintercalation. The
vdW gap distance between WSe, and Au did not show
significant variation with the presence or absence of Se
vacancies in WSe,, indicating that the vdW gap expansion
through Se-environment annealing is primarily the result of Se
intercalation and deintercalation rather than the curing of Se
vacancy defects. This finding aligns with reports showing
minimal change in the vdW distance between MoS, and Au in
relation to S vacancy defects, as determined through DFT
calculations.®”

2.5. Doping-Free CMOS Integration Processes Using
Se-Environment Annealing and Blocking Layers. Con-
sidering the nature of the Se-environment annealing process,
where Se intercalation/deintercalation predominantly occurs at
the edge regions of the electrodes, it is feasible to control the
electrical type (n- or p-type) of the FET by suppressing the
intercalation/deintercalation process by using a blocking layer.
As shown in Figure S30, employing Al,O; as a blocking layer
preserved the n-type characteristics of a WSe, FET with direct
Au contact following Se-environment annealing. This demon-
strates that during the device fabrication process, using a
blocking layer can ensure easy adjustment of FET character-
istics based on whether the edge region of the electrodes is
exposed, thereby obviating the need for channel doping. Figure
S illustrates a device that successfully integrates CMOS on
WSe, without channel doping by employing Se-environment
annealing combined with an Al,O; capping layer used as a
blocking layer in specific regions. In Figure Sb,c, the devices
covered by the Al,O; capping layer retain their n-type FET
characteristics due to the original FLP, as the penetration of Se
atoms into the vdW gap is effectively blocked during the Se-
environment annealing process. Conversely, devices in areas
without the capping layer undergo a characteristic transition to
p-type FETs facilitated by the Se intercalation/deintercalation
process.

Furthermore, the performance of a WSe, CMOS inverter
fabricated using the patterned Al,O; capping layer and the Se-
environment annealing process was evaluated, as shown in
Figure Sd—f. Despite featuring a thick stacked gate oxide
composed of 300 nm-thick SiO, and approximately 30 nm-
thick h-BN, the inverter demonstrated robust performance
characterized by a substantial voltage gain and distinct on and
off states. Notably, since this approach manipulates only the
Schottky barrier height between WSe, and Au through Se
intercalation/deintercalation without altering the channel via
doping, there is no threshold voltage shift for each type of
FET, and the off—on regions of the n-type and p-type FETs do
not overlap. This results in an extremely low leakage current,
resulting in a low power consumption (power < 1 nW) CMOS
inverter through a doping-free integration process.
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Additionally, a metal—semiconductor—metal (MSM) WSe,
Schottky diode with an ideality factor of 1.5 was demonstrated,
employing two types of contacts: a p-type vdW Au contact
without an Al,O; capping layer and an n-type direct Au contact
with the capping layer, both subjected to the Se-environment
annealing process, as depicted in Figure S31. This contact
engineering through Se-environment annealing also enables
the extraction of intrinsic properties of 2D heterostructures,
such as p—n junctions, independent of metal contact
influences, potentially leading to a reevaluation of electronic
device properties across various 2D vdW materials®®*” (as
shown in Figure S32). Overall, the application of Se-
environment annealing, which modifies the contact type
without channel doping, is anticipated to simplify the 2D
semiconductor process technology and enhances the perform-
ance characteristics of various devices.

3. CONCLUSION

By implementing Se-environment annealing, we developed a
doping-free post-treatment method that alters the vdW gap
between a 2D semiconductor and a 3D metal through Se
intercalation and deintercalation. The extent of vdW gap
expansion between the 2D semiconductor and the metal can
be finely tuned using the Se-environment annealing method,
depending on the temperature and duration. This approach
holds promise for diverse device applications within 2D
semiconductor processing, presenting a substantial shift from
conventional 3D semiconductor methods. The modulation of
the vdW gap induced by this method has demonstrated
significant electrical transformations, highlighting the potential
for pioneering new processing techniques exclusive to 2D
semiconductors. By utilizing such advanced control over the
vdW interface, such as through Se-environment annealing, we
anticipate the development of next-generation, high-perform-
ance 2D semiconductor devices.

4. EXPERIMENTAL SECTION/METHODS

4.1. Device Fabrication. The sample preparation involved
mechanically exfoliated h-BN, TMDs such as WSe,, WS,, MoSe,,
and MoS,, and graphite—acquired from HQ Graphene—utilizing the
polydimethylsiloxane (PDMS) stamp method, layered onto a cleaned
SiO, (300 nm) substrate atop heavily p-doped Si. For metal electrode
fabrication, poly(methyl methacrylate) (PMMA) was spin-coated
onto the graphite/TMDs assembly and then subjected to a soft baking
process at 180 °C for 10 min. Subsequently, electron beam
lithography was used to pattern the electrodes. The metals (Au, Pt)
were then deposited using e-beam evaporation in a high vacuum
(>1O_6 Torr) and sputtering (power, 20 W; Ar, 20 sccm, >1073 Torr).
The PMMA was subsequently dissolved in acetone to clean the
sample. For the Se-environment annealing, Se was thermally
evaporated in an ultrahigh vacuum (<107® Torr) at a deposition
rate of 10 A/s, with the annealing conducted in the same chamber
using a halogen lamp. A 50 nm-thin layer of Al,O; was deposited on
the WSe, FET at 100 °C as a high-k gate insulator and blocking layer
using atomic layer deposition (ALD), employing H,O as a reactant.
To selectively remove parts of the Al,O; layer, an AZ MIF 300
developer was employed as an etchant, targeting patterned PMMA
areas.

4.2. Transmission Electron Microscopy. The atomic structure
of the interface between Au and WSe,, except for the sample prepared
by sputtering (illustrated in Figure S7), was analyzed using
transmission electron microscopy (TEM, JEM-ARM200F “NEO
ARM,” JEOL) at the Yonsei Center for Research Facilities, Yonsei
University. TEM and scanning TEM (STEM) observations were
conducted at an accelerating voltage of 200 kV. For the sample
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depicted in Figure S7, the atomic structure of the interface between
Au and WSe, was examined using high-angle annular dark field
(HAADF) imaging mode in an aberration-corrected STEM (JEOL
JEM-ARM300F) operating at 300 keV, with the equipment housed at
the Korea Basic Science Institute.

4.3. Electrical Measurements. Current—voltage (I—V) measure-
ments for all the Schottky diodes were carried out using a 4200-SCS
system from Keithley. Transfer curve measurements for the WSe,
FETs were performed by using a Keithley 6400 system at room
temperature.

4.4. Photocurrent Measurement. For the photocurrent
mapping, the short-circuit current was recorded using an atomic
force microscopy—Raman system (NTEGRA SPECTRA) equipped
with a current amplifier at room temperature. The system employed a
100X objective lens, utilizing a laser with a wavelength of 532 nm and
a power output of 0.5 mW focused on the sample to a spot size of
approximately 2 ym. The photocurrent map was generated by moving
the sample stage in a plane, keeping the laser in a fixed position.

For time-dependent photocurrent measurements, the photocurrent
was recorded by using a Keithley 2600 system coupled with a current
amplifier and a 200 kHz data acquisition system, enabling the
measurement of time-resolved photocurrent under ambient con-
ditions. The electrical measurement setups were synchronized using
pulsed laser devices, with a laser beam of 532 nm wavelength focused
on the sample to a spot size of approximately 10 ym.

4.5. Density Functional Theory Calculation. DFT calculations
were conducted using the Vienna Ab initio Simulation Package
(VASP). The calculations employed the PBEsol functional along with
DFT-D3 vdW correlation and a cutoff energy of 350 eV. Initially, the
unit cells of WSe, and Au were geometrically optimized until the force
on each atom was less than 0.01 eV/A, using K-point grids of 9 X 9 X
9,11 X 11 X 11, and 15 X 15 X 15 for their respective optimizations.
The model for the Au/WSe, interface was constructed with two layers
of WSe, arranged in § X S supercells and Au(111) in 3 X 3 supercells,
maintaining a lattice mismatch of less than 2.8% with lattice constants
a and b both measuring 16.69 A.

The DFT calculations included bilayer WSe, and four layers of Au,
focusing on the junction formed at the WSe,/Au(111) interface.
Typically, the coverage of the Se layer was considered to be 100%
when a monolayer of Se with a hexagonal structure was fully
integrated between the WSe, and Au layers.

To evaluate the dependency of formation energy on the interface
gap within the WSe,/Au systems, geometry optimization was carried
out and formation energies were calculated for various vdW gap
widths, while keeping the distance between the interface Au layer and
the interface WSe, layer fixed. Additionally, the influence of diffused
Se atoms at the interface between Au and WSe, was assessed through
geometry optimization and calculation of the formation energies for
WSe,/Se/Au systems with differing numbers of Se atoms and
interface gaps. The formation energy calculations considered the
chemical potential of Se to determine the energy dependency on the
vdW gap distance.

Throughout these calculations, geometric optimization was
performed until the force on the atoms reached a more relaxed
criterion of 0.1 eV/A using the gamma K-point for simplicity. Finally,
the DOS for the interfaces, including those with vdW gaps and
hybridization gaps, was calculated using a K-point grid of 2 X 2 X 1
and a cutoff energy of 350 eV to reveal the electronic properties at
these modified interfaces.
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