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4 ABSTRACT: Tungsten transition metal dichalcogenides (W-TMDs) are intriguing due to their properties and
s potential for application in next-generation electronic devices. However, strong Fermi level (Ep) pinning manifests
6 at the metal/W-TMD interfaces, which could tremendously restrain the carrier injection into the channel. In this
7 work, we illustrate the origins of E pinning for Ni and Ag contacts on W-TMDs by considering interface chemistry,
8 band alignment, impurities, and imperfections of W-TMDs, contact metal adsorption mechanism, and the resultant
9 electronic structure. We conclude that the origins of Eg pinning at a covalent contact metal/W-TMD interface, such
10 as Ni/W-TMDs, can be attributed to defects, impurities, and interface reaction products. In contrast, for a van der
11 Waals contact metal/TMD system such as Ag/W-TMDs, the primary factor responsible for Ep pinning is the
12 electronic modification of the TMDs resulting from the defects and impurities with the minor impact of metal-
13 induced gap states. The potential strategies for carefully engineering the metal deposition approach are also
14 discussed. This work unveils the origins of Eg pinning at metal/TMD interfaces experimentally and theoretically and
15 provides guidance on further enhancing and improving the device performance.
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16 KEYWORDS: metal contact, transition metal dichalcogenides, Fermi level pinning, interface chemistry, band alignment,
imperfections, density functional theory
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18 INTRODUCTION and BEOL) processes for wafer scale integration necessitate 33
direct metallization of the TMD-based devices. Employing 34
direct metallization, various metal contacts (Ti, Au, Pd, Pt, Sc, 35
Cr, Ir, Al, Ag, In, Y, Ni, Sn, Mo, Bi, Sb, etc.) have been 36
employed to investigate their contact performance with 37

19 Transition metal dichalcogenides (TMDs) have demonstrated
20 immense potential for applications in state-of-the-art elec-
21 tronic, optoelectronic, and spintronic devices because of their

—

22 outstanding electronic, optical, mechanical, and magnetic =

) ;5—7 ' P ’ ) & TMDs;¥”*73% however, the mechanism of the strong Ep 38
23 properties. However, the failure of tuning the Schottky o - 3 ° -
2 barrier height (SBH) by the work function (®) of metal pinning effect at the metal/TMD interface remains elusive in 39
25 contacts strongly limits the efficiency of carrier injection and the aspect of fandamental science. 40
26 hence the electronic performance of TMD-based devices.” "'
27 Several strategies, such as the use of interlayer,””~'® phase Received:  July 14, 2023
28 engineering,'”*’ surface or chemical doping,”'~** and trans- Accepted: September 29, 2023

29 ferred or buffered van der Waals (vdW) metal contacts,””*°

30 have been employed to alleviate the Eg pinning effect and to
31 reduce the contact resistance (R.) at the source and drain
32 contacts. Nevertheless, the front- and back-end-of-line (FEOL

o
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Figure 1. (a) W 4fand S 2p, (d) Ni 2p;),, (e) O 1s, and (f) C 1s spectra of WS, bulk crystal surfaces following exfoliation and subsequent Ni
depositions under UHV and HV conditions, as well as AFM images of Ni/WS, bulk crystal surfaces deposited under (b) HV and (c) UHV

conditions. The unit of the root-mean-square (RMS) is nm.

Many efforts have been spent to understand the origin of Eg
pinning from several perspectives. English et al. have reported
that the R_ can vary significantly with the deposition conditions
for TMD-based devices.’® Interface chemistry studies unveil
that the contact performance can be improved by carefully
reducing the impingement rate of the background gases on the
TMD substrate during the metal deposition process.””*"*”
The oxidation of the contact metal and its contact interface
with TMD substrates could strongly modify the intrinsic
interface chemistry and lead to degraded contact perform-
ance.””** In addition, the contact resistance can be reduced by
more than 2 magnitudes if the air and water exposure can be
minimized during the metalization of the contacts.” It has also
been unveiled that minimizing the TMD transfer holding
polymer residue can significantly improve the I,/ ratio and
decrease the contact resistance.””*’ These discoveries indicate
the importance of careful control of the processing conditions
of the TMD transistors.

Besides the processing conditions, the properties and quality
of a semiconductor TMD can also impact the nature of the
metal/TMD interface. Addou et al. have reported that the
intrinsic imperfections of TMDs could induce gap states and
vary the ® of TMDs after exfoliation.*"*” For example, S
vacancy can introduce gap states 0.04—0.5 eV below the
conduction band minimum, which is an n-type dopant to the
MoS,.** Other imperfections, such as antisites and impurities,
can cause heterogeneous doping on the same freshly exfoliated
surface of TMDs.** Furthermore, the interaction between the
imperfections and the adsorbed contact metal atoms could
cause orbital hybridization, leading to the formation of
unexpected bonds and interface states.***> These alterations
would change the band alignment and the SBH substantially at
the metal/TMD interface.

Recently, theory calculations predicted that the contact
metal adsorption site and orientation can be tuned to lower the
SBH on the TMDs. In those studies, Moiré pattern adsorption
configurations enable greater Fermi level depinning than other
geometries without a twisted angle on the TMDs.***” This
finding indicates that the adsorption mechanism of the metal
atoms on the TMD surface is essential in tuning the SBH and
achieving an Ohmic contact.

From the above, it can be inferred that the origin of Eg
pinning cannot be solely explained from a single aforemen-
tioned perspective. For a specific metal/ TMD interface, the Eg
pinning effect at a metal/TMD interface may emerge from an
integration of various components, which is further bolstered
by the scattered R, values reported from different research
groups even with the same metal and TMD combination.*®

This brings up a strong demand for the investigation of 89

fundamental science and the weight of each component. This
complication of the coexisted components necessitates a
dedicated systematic and comprehensive study to understand
the essential physics and chemistry that lead to the E pinning
of metal contacts on TMDs.

Among the W-TMDs, WS, and WSe, have attracted great
attention due to their low subthreshold slope (down to 60

90
91
92
93
94
9S
96

mV/dec), moderate mobility (250 cm?/V-s), and high I ,/I ¢ 97

ratio (up to ~10%).'929%9752 WTe, shows promise in being
used as an atomically thin high current interconnect and an
interlayer between metal contacts and TMDs to improve the
electrical performance.””** For the contact metals, Ni and Ag
have demonstrated great potential in achieving a low R, on
TMDs. More specifically, Ni has demonstrated promising R,
values of 500 and 700 Q-ym on MoS, and WS,,
respectively.”*>” Ag has shown an extremely low R_ of 180
Q-um with MoS, upon direct metal deposition.”> However,
the physical and chemical properties of the interfaces of Ni and
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Figure 2. (a) W 4f and Se 3d, (d) Ag 3d, (e) O 1s, and (f) C 1s spectra of WSe, bulk crystal surfaces following exfoliation and subsequent Ag
depositions under UHV and HV conditions, as well as AFM images of Ni/WS, bulk crystal surfaces deposited under (b) HV and (c) UHV
conditions. The unit of the RMS is nm.

108 Ag metal contacts with W-TMDs, which is the key to achieving performance are demonstrated. Potential strategies for 141
100 Ohmic contacts with low R,*® have not been studied optimizing the direct metal deposition process are discussed. 142
110 systematically. It has been unveiled that Ni and Ag form

111 covalent and van der Waals (vdW) interfaces with MoS,, RESULTS 43

112 respectively.”® The distinct interface types, together with their
113 outstanding contact performance, make them perfect candi-
114 dates to understand the origin of Ex pinning by comparing the
115 two cases under the same processing conditions.

116 To study the contact type (Schottky or Ohmic, covalent, or
117 vdW) between exfoliated W-TMD bulk crystals and Ni or Ag

Ni Reduction of W-Based TMDs. The W 4f and S 2p 144
spectra of WS, bulk crystal before and after ~1 nm Ni 1s
deposition in UHV and HV are shown in Figure la. The 1461
emergence of an additional Ni,W,S. intermetallic state 147
indicates the reaction between Ni and WS, after Ni deposition. 148

tacts. the interf hemistrv. band ali t and surf Smooth surfaces (RMS roughness <0.1 nm) obtained after Ni 149
11s contacts, the intertace chemustry, band afignment, and surface deposition under HV and UHV conditions are shown in 1s0

119 morphology of Ni and Ag contacts on W-based TMDs are Figures 1b and c, respectively. This result also suggests the Ni 151

120 investigated by X-ray photoelectron spectroscopy (XPS) and reduction of WS, at the Ni/WS, interface. WO, is detected 152
121 atomic force microscopy (AFM). The impact of deposition

—

after Ni deposition under HV conditions in the W 4f spectra. 1

wn

3

122 ambient is stud%ed ]f’y employing in situ ulltr.ahigh vacuum The water and OH residuals in the HV chamber as well as the 154
123 (UHV) and ex situ hl.g.h vacuum (HV) deposm.on COl’llelOl:lS. air exposure during the ex situ transfer process likely lead to 1ss
124 The use (.’fHV depos#lon methods is common 1n the majority oxidation of the Ni/WS, interface. The oxidation of the Ni/ 156
125 of materials and device research laboratories, and thus, the WS, interface is further evident by the detection of Ni oxide 157

126 literature is replete with such deposition methods employing
127 TMDs. As noted above, reports have indicated that the
128 deposition ambient can be important in the context of contact

bonding in the Ni 2p;, and the O 1s spectra after Ni 1s8
deposition under HV conditions as shown in Figures 1d and e. 159
Adventitious carbon species are detected before and after Ni 160

129 resistance.’*”* Comparing a typical ambient deposition (HV) deposition in UHV and HV. They likely originate from the 161
130 with a well-controlled ambient ambient (UHV) enables the carbon tape and the outgassed carbon species from the heated 162
131 discrimination of reaction products that are likely present in a Ni source. However, the absence of any metal carbide features 163
132 contact formed under HV conditions. The effect of (~282 eV) after Ni deposition demonstrates that the 164
133 imperfections, such as defects and impurities, of TMDs on involvement of carbon in the interface reaction is below the 165
134 the Ep pinning is characterized by scanning tunneling detection limit of XPS. 166
135 microscopy/spectroscopy (STM/STS). The contact metal The interface reaction at the Ni/WSe, and Ni/WTe, 167
136 atom adsorption mechanism is studied by density functional interfaces is congruent with that of the Ni/WS, interface. 168
137 theory (DFT) and is correlated to the interface chemistry and The Ni reduction of WSe, (WTe,) and the formation of 169
138 surface morphology. The implications of the resultant interface Ni,W,Se, (Ni,W,Te,) are detected after Ni deposition under 170
139 chemistry, band alignment, and electronic effect of the UHV and HV conditions. The core level spectra and relevant 171
140 imperfections and the adsorbed metal atoms on the contact discussion are displayed in the Supporting Information. 172
C https://doi.org/10.1021/acsnano.3c06494
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Figure 3. Schematics of the interfaces between contact metals (Ni and Ag) and W-TMDs before and after metal depositions in UHV and HV.

173 vdW Gap between Ag and W-TMDs. The interface
174 chemistry of Ag/W-TMD interfaces with different chalcogen
175 atoms is similar regarding interface reactions after Ag
176 deposition under both UHV and HV conditions. Therefore,
177 in this section, Ag/WSe, is chosen as the representative case to
178 discuss the interface chemistry upon Ag deposition. The core
179 level spectra and relevant discussion of Ag/WS,, and Ag/WTe,
180 are presented in the Supporting Information.

181 Any additional intermetallic chemical state is absent in the
182 W 4f and Se 3d spectra after Ag depositions in UHV and HV
183 as shown in Figure 2a. This indicates the persistence of WSe,
184 and the formation of a vdW contact for the Ag/WSe, interface.
185 The full width at half-maximums (fwhm’s) of the W-TMD
186 bulk crystal and Ag metal states stay almost the same after Ag
187 deposition as shown in Table S1 to S4. This result indicates
188 that the core level orbital interaction between Ag and W-
189 TMDs is below the detection limit of XPS, confirming the
190 formation of a vdW interface between Ag and W-TMDs.

191 Ag islands formation on the WSe, surfaces indicates wie
192 Volmer—Weber growth of Ag film on the WSe, bulk surfaces
193 under UHV and HV conditions as shown in Figure 2b and c.
194 This finding is congruent with the formation of a vdW gap
195 between Ag and WSe,. In Figure 3d, the Ag 3d peaks of the
196 UHV samples shift to a lower binding energy compared to the
197 reference Ag. This indicates that the @ of the 1 nm Ag film
198 deposited under the UHV condition is greater than that of the
199 ~30 nm reference Ag film. Wood has predicted that the @ of a
200 small metal sphere should be smaller than that of a planar
201 metal film,”” which has also been reported to occur on MoS, in
202 UHV.*® However, for the Ag islands deposited on WSe,, the @
203 value is greater than the ® value of the reference Ag film. This
204 suggests the formation of interface dipole at the Ag/WSe,
205 interfaces, which is likely due to the charge redistribution
206 around the intrinsic defects of WSe, bulk.'"*"* 70 the Ag
207 islands deposited under HV conditions, the sizes ¢ "> islands
208 are smaller and more uniform than those of the islands
209 deposited under UHV conditions. This possibly originates
210 from the oxidation of the Ag/WSe, interface deposited under
211 HV conditions as indicated by the appearance of Ag and W
212 oxides in the W 4f and O Is spectra. The oxidation of Ag also
213 contributes to the positive shift of the Ag 3d peaks of the HV
214 sample. igure 2f, the C 1s spectra overlap with the Se LMM
215 auger sp o< as indicated by the shakeup around 285 eV. The
216 metal carbide bonds are below the detection limit of XPS for
217 the Ag/WSe, samples after Ag deposition in UHV and HV.

_

—

This finding demonstrates that the bonding of carbon in the 218
interface reaction is not detectable for the Ag/WSe, samples 219
deposited under UHV and HV conditions. 220

The interfaces of Ni and Ag with W-TMDs are summarized 221
in Figure 3. The interface type is consistent for W-TMDs 222
regardless of the number—of chalcogen atoms for a specific 223
contact metal. Ni forms covalent interfaces on W-TMDs with 224
the formation of intermetallic reaction products. In contrast, 225
Ag forms vdW gaps on W-TMDs without detectable interface 226
reactions. Oxidation of the contact metal films is detected on 227
the HV samples, which highlights the importance of carefully 228
controlling the processing conditions for metallization. 229

Band Alignment and Fermi Level Pinning. The band 230
alignment of the metal/TMD interfaces is calculated from the 231
shifts of TMD bulk crystal states in the W 4f spectra referring 232
to the peak positions in the references.”””"”” Specifically, the 233
W 4f,/, peaks of WS, and WSe, in Table SS are used to extract 234
the binding energy shift before and after metal deposition in 235
UHYV and HV. A negative shift of the bulk crystal chemical 236
state in the W 4f spectra indicates a negative shift in the 237
valence band maximum spectra. This means that the Ep shifts 238
toward the vacuum level, which indicates the decrease of the 239
®.>° The details of the band alignment extraction method can 240
be found in Figure S8. 1T’-WTe, jnvestigated in this study is 241
semimetallic. Accordingly, this ® is aligned with the @ of the 242
XPS system spectrometer. Therefore, the binding energy 243
variation upon metal deposition should be below the energy 244
resolution of XPS. This identical data analysis process readily 24s
enables a direct comparison with the previous band alignment 246
results.’*"*7#55%% 1 Figure 4, the energy position of the Egs 247 f4
obtained from the in situ UHV samples are considered the true 248
values compared to the HV samples because any contami- 249
nation from the ambient HV and the following ex situ process 250
could introduce deviations to the measured results for the HV 251
samples. Egs extracted from the HV samples are also shown for 252
comparison. The variability of the Ep before metal depositions 253
is due to the inhomogeneous distribution of its impurities and 254
defects.**° 255

The Ep of the Ni/WS, interface is pinned at —4.33 eV 236
(relative to the vacuum level), leading to a Schottky barrier 257
height of 0.32 eV for electron injection.”’ The Ej of the Ni/ 258
WS, interface after Ni deposition in UHV is close to the Ey of 259
WS, (—4.19 V) before metal deposition. The doping effect of 260
TMDs caused by their defects impurities has been reported to 261
give rise to the modulation of the Ej position.*”**** This 262
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Figure 4. Band alignment of contact metal/W-TMDs interfaces
before and after metal depositions in UHV and HV. The energy
scale is relative to the vacuum level. The contact type (covalent or
vdW) and the main origin of E; pinning are also shown in this
figure.

263 doping effect concurrent with the formation of the Ni,W,S,
264 intermetallic probably dominates the Ep pinning at the Ni/WS,
265 interface according to the interface chemistry study. The
266 Schottky barrier height for the Ag/WS, interface is 0.11 eV as
267 shown in Figure 4. Considering that the interface reaction
268 between Ag and WS, is below the detection limit of XPS and
269 the Ep after Ag deposition is close to the intrinsic Ex of WS,,
270 the doping effect caused by the defects and impurities of WS,
271 likely leads to the Ep pinning at the Ag/WS, interface. The
272 formation of an interface dipole and the appearance of gap
273 states could partially explain the Ep pinning as reported by
274 DFT calculation results.'' Since the Ep of the Ag/WS,
275 interface is close to the @ of Ag, it is also possible that the
276 Ag/WS, interface follows the Schottky—Mott rule.

277 The WSe, after exfoliation is n-type, which is probably due
278 to the impurities, like In, Cu, and alkali metals, detected 1?7
279 inductively coupled plasma mass spectrometry (ICP-MS).""%*
280 Impurities such as Re, Ag, and halogens, which are below the
281 detection limit of ICP-MS for this samgle, are also reported to
282 induce n-type doping to TMDs.”"**% Very recently, Stolz et
283 al. have reported that vanadium is a p-type dopant for WSe,
284 synthesized by metalorganic chemical vapor deposition.”” Tt
285 has been highlighted that the Eg pinning and Schottky contact
286 behavior show up upon the number of WSe, layers exceeding 2
287 due to the change of the band structure.”” This affirms that the
288 impurity dopant is one of the origins of Ep pinning at the
280 metal/TMD interface. The Ep of Ni/WSe, is pinned at 4.92 eV
200 which is close to the valence band edge of the WSe, bulk
291 crystal (5.33 eV). Therefore, Ni could potentially serve as a p-
292 type contact for the WSe,-based devices. The Ep of the Ni/
293 WSe, interface is much closer to the @ of Ni metal (further
204 away from the intrinsic Ez of TMDs) than that of the Ni/WS,
295 interface. This finding suggests that the Ep pinning effect from

the interface reduction reaction products is more dominant for 296
the Ni/WSe, interface, which means that the defects and 297
impurities of WSe, contribute less to the Ep pinning compared 298
to that of WS,. The Ej, for the Ag/WSe, interface is pinned at 299
the same energy position as the intrinsic E; of WSe, before 300
metal deposition. This finding indicates that the intrinsic 301
defects dominate the Ep pinning for the Ag/WSe, interface. 302
The Eg pinning mechanism discussed in this work is consistent 303
with that observed in the MoS, systems.” 304

Impurities. As discussed above, the existence of impurities 303
could dope the TMD materials and contribute to Eg pinning at 306
a metal/TMD interface. Addou et al. have studied the 307
concentration of such impurities for the W-TMD bulk crystals 308
that are used in this work by ICP-MS.°"*> We discuss the 309
effect of these impurities on the contact performance below. 310

The detectable impurities of WS, are highlighted in the 311
periodic table in ref 61. Te shows the highest concentration 312
among all of the impurities. Theory calculation has predicted 313
that Te substitution of S could lead to an increased indirect 314
band gap for a WS,/WSe, heterostructure.’® It has been 315
reported that Re is an n-type dopant for TMDs,” while Li, Na, 316
Ca, Au, Mo, and Nb are p-type dopants.”"**° Klein et al. have 317
reported that Fe has an insignificant impact on the transport 318
performance to W-TMD.”® Although the concentration of all 319
the detected elements is below the typical impurity 320
specification (5 X 10'°/cm?) for Si-based fechnology, these 321
impurities may dope the TMD materials and contribute to the 322
Ep pinning after metallization, as discussed above. The 323
impurities would also cause variation in the electronic and 324
topographical behavior for the STM/STS characterization that 325
will be discussed below. The discussion of the impurities 326
detected in WSe, can be found elsewhere.” Various impurities 327
are detected for WTe, as shown in ref 8 These impurities do 328
not strongly impact the metallic property of the WTe, since 329
the core level peak positions are not changed significantly as 330
shown in Figures S2 and S4. However, these impurities may 331
impact tribological and thermal properties of TMDs.”"”* 332

Imperfections of W-TMD. Figure 5 shows the STM 333¢
images obtained on a freshly exfoliated WS, bulk crystal 334
surface. A WS, surface with dark “concave” defects is shown in 335
Figure Sa. The STS result in Figure Sb indicates that this 336
surface is n-type, and the band gap of the WS, bulk crystal is 337
1.49 + 0.10 eV, which is consistent with the experimental and 338
theoretical values.”””> The n-type behavior is possibly due to 339
the sulfur deficiency which is confirmed by the W:S ratio of 340
1:1.86 estimated from the XPS peak fitting result. Re, a typical 341
n-type dopant to TMDs, is detected by ICP-MS at 0.42 ppbw 342
(2.7 X 10° atoms/cm?) for WS,.>* Tang et al. have reported 343
that oxygen can also serve as an n-type dopant for MoS, by in 344
situ doping.”* Although the oxidation of this WS, is below the 345
detection limit of XPS as shown in Figure SS, the O dopants 346

1.49+0.10 eV
~—
=

2 1 0 1

¢ (d) Defect f) Defect
induced induced
r gap states gap states
: 5 ~-0.35eV . 5 ~0.55 eV
S S
Er E,
1.0 1 210 1 2
Sample Bias (V) Sample Bias (V)

Figure 5. STM images obtained on a freshly exfoliated WS, bulk crystal surface at (a) 1.5V, 0.5 nA, (c) 1V, 0.5 nA, and (e) —0.95 V, 0.5 nA.
(b), (d), and (f) are the STS taken at the white marks in (a), (c), and (e), respectively.
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could still induce n-type doping to the WS,. Adventitious
carbon is detected by XPS on the freshly exfoliated W-TMDs
after the short air exposure (~1 min) in this work. This
indicates that carbon species would widely exist for the devices
fabricated by photolithography and polymer-assisted transfer
process.”>’® Schuler et al. have reported that C dopants
substituting S sites in WS, would behave as charge defects and
appear as depressions in the STM image.””

Besides the doping effect, the defects of WS, can also induce
gap states close to the valence band and conduction band of
WS, as shown in Figures 5d and e. Figure Sc shows an area
with dark concavities and bright hillocks at a positive bias.
Figure Se shows an area with bright hillocks surrounded by
dark concaves. Similar bright features are identified on MoS,,
which are attributed to metallic-like defects.** A bright defect,
reported as a geometrically complex defect, can cause
detrimental modifications in the electronic structure for
WSe, after 600 °C annealing.78 It is well-known that the
surface of a TMD material is atomically flat in morphology by
AFM. The “rough” surface obtained by STM indicates the
electronic variation caused by the defects and dopants on the
surface.”** By changing the polarity of the imaging for the
area in Figure Se, a bright defect at a negative bias could
change into a concave one at a positive bias, and a concave one
at a negative bias may stay as a concave one at a positive bias as
shown in Figure S7. This finding demonstrates that the defects
are not topographical but rather electronic in nature, and they
could behave as both donors and acceptors depending on the
band bending changed with the applied bias.”” Areas with
much fewer defects are captured by STM as shown in Figure
S6. This proves the spatial variation of the defect and impurity
distributions across the same freshly exfoliated WS, surface.
Besides the bias variation, the variation of the concave depth is
also observed. The depth of a concave varies from 0.3 to 1.4
nm, which corresponds to 0.5 to 2.5 of the WS, monolayer as
shown in Figure S7.

In addition to the topographical and electronic variation,
atomic scale imperfections can also be found on the freshly
exfoliated WS, surface. Figure 6b is a high magnification image
around a concave defect in Figure 6a within which multiple
concavities can be observed. The atomic resolution is absent in
the concave depression region, highlighted by the green circle,
indicating that the concave depression is probably caused by an
acceptor type of defect which could deplete the electron in the
vicinity of the defect. Such defects can be impurities, missing
atoms, and dangling bonds.*"***! Tiqure 6c demonstrates a
defect-free atomic resolution area 1. \'/S,. The lattice constant
is measured to be 3.17 A, which is consistent with the results
characterized by X-ray diffraction.”” Local depression (purple
circle), S vacancy (white circle), and absorbate/impurity
(black circle) can be seen in Figure Ge, by changing the
contrast of the green rectangle area in Figure 6b. A local
depression is likely due to an O substituting S (Og) or an S
vacancy (V) in the top and bottom sulfur layers.””**** The
O can also contribute to the narrower band gap of the WS, as
shown in Figure 5d, £’* An atomic acceptor could also
contribute to the presence of a local depression.*' Multiple
localized Og (purple circles) can be found in Figure 6f without
disrupting the hexagonal structure. Surface absorbates/
impurities, which behave like donors on the surface, can also
be observed in Figure 6f as bright atoms highlighted by black
circles. Locally excess S, S antisite, and impurities like V, Nb,
Ta, Au, Cr, Mo, As, Ni, Ca, and Mg could lead to enhanced p-

0.5 10 15 2.
Distance (nm)

Figure 6. STM images of (a) an area with “concave” defects, (b) a
high magnification image including a “concave” defect; (c) a
defect-free WS, surface region; (d) the surface corrugation with a
lattice constant of WS, measured to be 3.17 A along the blue line
in (c); (e) STM image showing local point defect depressions
(purple), S vacancy (white), and absorbate/impurity (black); and
(f) STM image presenting surface absorbates/impurities (black)
and local depressions (purple). All the images are taken at —0.25
V, 1 nA.

type conductivity at a negative tip bias.”>’”*>*® Even though

the impurity concentration has been significantly minimized by
using synthesized crystals instead of geological materials, the
doping effect and the gap states from these defects and
impurities could still considerably impact the physical and
chemical properties of the TMD materials and devices.*"**
Reactivity. DFT calculations were performed to further
understand the interface reaction between the contact metals
and W-TMDs. Figure 7a—d show top views of the atomic
structures of W-TMDs absorbed with single contact metal
atoms. To directly quantify the strength of the interface
reaction between contact metals and TMDs, we calculated the
adsorption energy for metals on the surface of TMDs. For both
Ni and Ag adsorption systems, their adsorption energies are
negative, meaning that these systems are thermodynamically
stable. For example, Ni on WSe, shows the lowest binding
energy of —3.22 eV at the W-top site, with significantly
stronger interaction with WSe, than that of Ag at the hollow
site (—0.56 eV). A similar trend has been reported for MoS,
systems theoretically, where single adatom adsorption of Ni on
MoS, shows much greater binding energy than that of Ag.*’
Among the possible adsorption sites, including the W-top,
chalcogen-top, and hollow site, our calculations show that Ni
preferably absorbs at the W-top site, while Ag prefers the
hollow site. The adsorption site preference for Ni and Ag on
W-TMD:s is similar to MoS,, where Ni prefers the Mo-top site
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(c) Ni on WSe,

—— Ni/WSe,
—— Ag/WSe,

M

DOS (a.u.)

—— WSe,
,  —2NiWSe,
\ | ——2Ag/WSe,

Energy (eV)

0 1 2 33 2 4 0 1 2
Energy (eV)

Figure 7. (a—d) Diagrams of a single metal atom adsorbed on W-TMDs with the adsorption energy listed; (e) two metal atoms adsorbed on
W-TMD:s with the adsorption energy and the distance of the two adatoms listed; (f—g) DOS plots of a single adatom on the W-TMDs; (h—i)

DOS plots of two adatoms on the W-TMDs.

436 and Ag prefers the hollow site.”® The calculated adsorption
437 energies suggest that Ni could react with W-TMDs
438 accompanied by a strong thermodynamic driving force (ie.,
439 free energy gain), while Ag does not have enough driving force
440 to react with W-TMDs. This is in good agreement with the
441 interface chemistry results discussed above. Recently, Chen et
442 al. have reported that Ni and Ag tend to form on-top
443 chemisorptive and Morié physisorptive configurations with
444 WSe,.*® This also agrees with our surface adsorption modeling
445 and interface chemistry characterization results.

446 The density of states (DOS) has been further calculated to
447 reveal the influence of a single surface adsorption atom on the
448 TMD electronic structure properties. Figure 7f—g presents the
449 DOS of WS, and WSe,, with a single Ni or Ag metal
450 adsorption. Ni induces significantly higher gap states compared
451 to Ag, which again confirms the stronger surface reaction
452 between Ni and W-TMDs. The above results explain the
453 experimental observation that Ni forms covalent contacts with
454 W-TMDs while Ag forms vdW contacts. The metal-induced
455 gap states (MIGS), the complexity of which would increase
456 with the number of contact metal atoms, could introduce
457 energy levels within the band gap of TMDs.'®® These energy
458 levels may serve as trapping centers for carriers and contribute
459 to Eg pinning at a metal/ TMD interface. A vdW metal, such as
460 Ag, Bi, In, Sn, and Au, has much weaker interaction relative to
461 a covalent metal contact, like Ni, Ti, Sc, etc., which would
462 reduce the orbital hybridization between the metal contact and
463 the TMD, leading to less intensive gap states.’® Recently,
464 Kwon et al. have reported a method of using the Se buffer layer
465 to increase the interface gap distance between vdW Au contact
466 and WSe,, diminishing the overlap of the orbitals.*® This is also
467 in good agreement with our calculation results that a stronger

st

—_

interaction between a metal and a TMD could induce more 46s
intensive gap states. 469

The above results shed light on the Ni and Ag single adatom 470
behaviors on W-TMDs. Experimentally, the initially deposited 471
contact metals will form thin monolayer films or islands where 472
metal—metal interactions could play an important role in the 473
surface reaction. To investigate the influence of metal—metal 474
interaction on the surface reaction, we have modeled two 475
contact metal adatoms’ adsorption behaviors on W-TMDs. 476
Figure 7e presents the atomic structures of Ni and Ag adatoms 477
adsorbed on W-TMDs. Like the single adatom, Ni exhibits 478
more negative adsorption energy on WSe, than Ag (—5.36 vs 479
—2.33 eV), which again suggests a stronger surface reaction 480
between WSe, and Ni. Quantitatively, the adsorption energy 4s1
for Ni two adatoms is less than twice (~1.7 times) that of a 482
single adatom, while this value for Ag two adatoms is much 483
more than twice (~4.2 times) that of a single adatom. This 4s4
result suggests that there is a strong bonding interaction 48s
between Ag atoms, which leads to the significantly increased 486
adsorption energy from a single Ag adatom to two Ag adatoms 487
(from —0.56 to —2.33 eV). Namely, Ag—Ag dimer adsorption 4ss
leads to a more negative binding energy. Therefore, it could be 489
argued that during metal deposition, due to a strong Ag—Ag 490
bonding interaction, Ag tends to form metal clusters with weak 491
surface interactions on W-TMDs. While for Ni, there is a 492
relatively weak Ni—Ni bonding but a strong Ni/W-TMD 493
surface reaction. Like the single adatom systems, two Ni 494
adatoms induce stronger gap states relative to two Ag adatoms 495
as shown in Figure 7h—i, which confirms that Ni shows 496
enhanced interaction with W-TMDs compared to Ag. This 497
scenario is consistent with our experimental result that uniform 498
Ni film forms covalent contacts, while Ag islands form vdW 499
contacts on W-TMDs. It is worth noting that the DOS of a s00
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bulk metal contact/W-TMD system would show significant
differences from that of the single or two adatom system due to
the different number of contact metal atoms included in the
calculation model.

DISCUSSION

Implications for R.. Using the difference between the ® of
a contact metal and the electron affinity or ionization energy of
a semiconductor has been considered a reliable method of
predicting the SBH of the contact interface.”’ > However, due
to the complicated nature of the metal/TMD interface,
significant deviation from the Schottky—Mott rule has been
reported in the aspects of device performance and interface
chemistry for various metal/TMD systems.”””’~>* From our
systematic study of the interface chemistry and band alignment
of Ag/TMDs systems, the Ep. pinning after Ag deposition likely
originates from the doping effect by the defects and impurities
of the W-TMDs. This brings up a potential strategy for tuning
the R, of TMD-based devices by intentionally doping the
contact region of the TMD substrate into the bands of the
semiconductors.”*”>** In this way, the SBH between a metal,
which forms a vdW gap with TMDs, and a TMD substrate can
be eliminated.

Without detectable interface reactions, the Egs of both WS,
and WSe, after Ag deposition (Figure 4) are close to their
intrinsic Eps before metal deposition. This fact indicates that
the doping effect and the gap states from the impurities and
defects captured by STM and ICP-MS examinations dominate
the origin of E pinning for a vdW metal contact on a TMD
material. Therefore, by minimizing the impurities and defects
of the TMDs, it is possible to tune the band alignment by the
@ of the metal and form a vdW metal/TMD interface to follow
the Schottky—Mott rule.

The formation of vdW gaps between Ag and TMDs
indicates that the injection of carriers must tunnel through a
barrier at the interface, which is detrimental to achieving a high
on-state current. Since the reaction between Ag and TMDs is
not thermodynamically favorable at room temperature, care-
fully raising the temperature during or postmetal deposition
could promote the formation of a covalent interface and
maximize the injection of the carriers. This would be a
processing strategy to enhance the on-state current for a TMD-
based device with vdW metal contacts, such as Ag, Pt, Pd, Au,
In, Bi, and Sn.2%3**+*5959 The interface reaction products
and their impact on band alignment need to be carefully
characterized to optimize the carrier injection efficiency.

Recently, TMD devices using vdW contacts, such as Bi, In,
Sn, Au, Ag, Co, Cu, and Pt, show significant improvement in
the R. and good agreement with the Schottky—Mott
rule.>**?7?® The commonality of these studies is that the
damage of the TMD materials during metal contact deposition
has been minimized by various methods, e.g., transferred
contact, Se buffer layer, low deposition rate, and controlled
radiative damage. Besides the damage during the metal
deposition, the intrinsic defects of the TMDs also need to be
carefully characterized and controlled to accomplish reliable
and comprehensive results.**

Minimize Radiation Damage. To be compatible with the
current industrial high-volume manufacturing process, it is vital
to understand the source of damage to the TMDs during the e-
beam deposition process of metal contact.”® The thermal
energy of evaporated metal atoms or clusters, the (X-ray)
photons, and electron radiation from the crucible are three

main sources of energetic species available to cause damage
(viz. atomic bond scission) to the TMD samples. The
formation energy of a W—Se bond is —0.872 eV,”” and as a
result, the energies to remove a Se and a W atom are 2.616 and
5.232 eV, respectively. The thermal energy of an emitted
tungsten (the metal with the highest melting point) atom at its
melting point (~3030 K at 107> pa vapor pressure *”'") is
~0.262 eV. This amount of energy is therefore not sufficient to
break a bond of a TMD material resulting in a defect that
would impact the electronic performance. Additionally, the
long-throw e-beam source to sample distance and manipulator
water cooling results in a sample surface temperature increase
of <3 °C during the deposition in our apparatus, and thus
thermal radiation from the source is also insufficient to enable
bond scission, in contrast to recent reports.98 Moreover,
considering that the potential difference between the crucible
and the electron source is usually in the magnitude of 10 kV,'**
the accelerated and scattered electrons are unlikely to escape
from the force of the intense magnetic field (~10* Gauss)
around the e-beam source and the crucible. Therefore, the
damage from thermal radiation, vaporized metal atoms, and
stray electrons would not dominate the radiative damage to the
TMD materials.

However, the energies of photons generated by Brems-
strahlung radiation of the accelerated electrons could be as
high as the potential energy of the electrons (~10 keV).
Furthermore, 10 keV is enough to generate characteristic X-
rays for almost all the metal elements used for contact,'”
which is consistent with the universal E; pinning at a metal/
TMD interface. This photon radiation would serve as a
reasonable source of damage to the TMDs during the e-beam

593

deposition process and is widely known as a potential source of s94

damage in III-V device materials.'”*'® For WSe,, the
wavelength of the photon must be less than 473 nm (hv =
2.62 eV) to create a Se vacancy. Energetic X-ray and ultraviolet
(UV) photons are more likely to be the source of radiation
damage during the metal deposition process. Recently, contact
metals with low melting points, such as Bi, In, Sb, and Sn,
demonstrate low R. for TMD-based devices.”*”>'%° The
contact metal with a low melting point would need much less
power to deposit a suitable contact film, which could
significantly decrease the radiation dosage of X-ray and UV
light to the TMDs. The reduced dosage would thus be
expected to induce fewer defects in the TMDs and relieve the
Eg pinning at the contact/TMD interface. English et al. have
reported that UHV deposition conditions can improve contact
performance compared to HV conditions.*® For a specific
metal source, the temperature to trigger the metal vaporization
decreases with the decrease of the pressure in the vacuum
chamber.'”” A lower temperature requires less power applied
to the metal source in the crucible. This can reduce the X-ray
and UV radiation to the TMDs and hence decrease the
number of defects created during the deposition process. In
addition, the collision between the ~10 keV electrons and the
lightweight residual gas (such as hydrogen) could also generate
energetic particles, which can transfer energy to the TMD
lattice. According to the calculation by Coelho et al,,'”® this
amount of energy is probably not enough to create defects, but
it may develop existing defects and increase the defect density.

For a fixed acceleration voltage, the temperature of the
evaporation material rises roughly linearly with the e-beam
current. According to the Antoine equation in the first-order
approximation, the deposition rate increases exponentially as a
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626 function of the e-beam current. Thus, slightly increasing the e-
627 beam current can substantially decrease the deposition time for
628 a target film thickness. In contrast, the X-ray intensity changes
629 linearly with the e-beam current.'” Therefore, the X-ray
630 dosage would decrease drastically by increasing the deposition
631 rate. The flux of secondary and backscattered electrons would
632 also change linearly with the intensity of the primary electron
633 beam, which would also minimize any potential damage to the
634 TMDs caused by these electrons.'”” Wang et al. have reported
635 a multistep deposition process with the formation of Eg
636 unpinned p-type contacts on TMDs at a relatively high
637 deposition rate (2 A/s vs 0.1 A/s).”® Based on the discussion
638 above, this intermittent e-beam deposition strategy could
639 reduce the total X-ray dosage of the sample and decrease the
640 damage to the TMDs. Also, the pause time between the steps
641 could stabilize the vacuum pressure and reduce the generation
642 of energetic residual gas particles, and hence less energy would
643 be transferred to the surface of the sample.

644  Therefore, the metal deposition process, especially for the
645 deposition rate and the vacuum condition, needs to be
646 optimized to minimize the radiation damage, mainly from the
647 high-energy photons, to the TMDs. The operation temper-
648 ature of thermal evaporation is usually <2000 K,'"° for which
649 the radiation is dominated by infrared and visible light. From
650 the perspective of radiation damage, thermal evaporation
651 might be a better solution for contact metal deposition to
652 avoid high-energy X-ray radiation and energetic particles.

—

st

—

6s3 CONCLUSIONS

6s4 In this study, the origins of Ep pinning for metal contacts on
655 W-TMDs are investigated in the aspects of interface chemistry,
656 band alignment, impurities, imperfections, contact metal
657 adsorption mechanism, and the resultant electronic structure.
658 The combination of all these factors with different weights
659 leads to various contact performances even with the same
660 TMD and contact metal in the literature. The defects,
661 impurities, and interface reaction product are the origins of
662 the Ep pinning at a covalent contact metal/W-TMD interface
663 such as Ni/W-TMDs. The electronic modification from the
664 defects and impurities of the TMDs dominates the Eg pinning
665 for a vdW contact metal/TMD system, e.g., Ag/W-TMDs. The
666 MIGS would also contribute to Ep pinning for a metal/TMD
667 interface. These results shed light on the achievement of
668 Ohmic metal contacts on TMD materials by direct metal
669 deposition which is compatible with the current mass
670 manufacturing fabrication process.

—

671 EXPERIMENTAL METHODS

672 Metal Depositions. 2H-WS,, 2H-WSe,, and 1T'-WTe, bulk
1
67

P

crystals (~2 mm X 2 mm), purchased from HQ Graphene,'"" were
674 attached to a 4-in. Si wafer side by side by carbon tape. After
675 exfoliation, the wafer was loaded into the UHV cluster tool''? or the
676 HV Cryo electron beam (e-beam) evaporator''® within 1 min to
677 minimize the contamination and oxidation of the freshly exfoliated
678 TMD surfaces. Metal films (~1 nm Ni or Ag) were deposited at a rate
679 of 0.1 A/s on the freshly exfoliated TMD surfaces under UHV and
680 HV conditions at room temperature. After metal deposition in UHV
681 (base pressure ~3 X 107" mbar), the samples were in situ transferred
682 through the interconnected tube under UHV conditions into the
683 analytical chamber for interface chemistry studies. Contamination
684 should be minimized by employing the UHV in situ process.
685 Therefore, intrinsic interface reactions can be obtained for the metal/
686 W-TMD interfaces deposited under UHV conditions. After metal
687 deposition in HV (base pressure ~3 X 107° mbar), the samples were

w

—

transferred ex situ into the cluster tool for interface chemistry 688
characterization. The air exposure of the samples was ~S min during 689
the ex situ transfer process. Identical deposition and transfer 690
procedures were employed as reported in previous work.”® Ni and 691
Ag reference spectra were obtained from the in situ (~30 nm) metal 692
films also deposited under UHV conditions. The oxidation of the 693
reference metal films was below the detection limit of XPS. Their 694
carbon contamination is close to the detection limit of XPS. 695

XPS. The core level spectra were collected at a takeoff angle of 45° 696
using a monochromatic Al Ka; X-ray source and an Omicron EA 125 697
hemispherical analyzer. The pass energy for core level scans was 15 eV 698
under the constant analysis energy mode with an energy resolution of 699
0.05 eV. The energy analyzer was calibrated following the ASTM 700
E2108 standard procedure employing sputter-cleaned Au, Ag, and Cu 701
foils."'* The scan spot size is ~1.5 mm with +8° angular acceptance. 702
(This spot size is very close to the size of the TMD crystals. 703
Therefore, it is reasonable to consider that most of the adventitious 704
carbon signal (~20 atomic%) is from the exposed carbon tape.) The 705
core level peaks were fitted using the AAnalyzer peak fitting 706
software."'® Consistent fitting parameters (peak width, background 707
type, doublet separations) were utilized for the same core level 708
spectra. The fitting residual of each core level spectrum was within the 709
noise level. 710

AFM. Veeco model 3100 Dimension V and Ozxford Asylum 711
Research Jupiter XF AFM instruments were employed in tapping 712
mode to acquire the surface morphology of the TMD surfaces after 713
metal deposition. The RMS roughness of the AFM images was 714
calculated by the WSxM software. ' 718

STM/STS. The STM images were acquired using an Omicron VT- 716
AFM system with constant current mode at room temperature. Each 717
STS spectrum is averaged from at least 17 repetitions to enhance the 718
signal-to-noise ratio. The STM images were processed using 719
Gwyddion software.""” 720

DFT Calculations. DFT calculations were performed by using the 721
Vienna Ab initio Simulation Package (VASP)''®'"? with projected 722
augmented wave (PAW)"“%'*' pseudopotentials. The Perdew— 723
Burke—Ernzerhof generalized gradient approximation (GGA-PBE) 724
functional *>'** was employed to describe the exchange-correlation 725
potential energy between electrons. A cutoff energy of 520 eV was 726
used. The Monkhorst—Pack scheme with a S X 5 X 1 mesh was used 727
for Brillouin-zone k-point sampling. The conjugated gradient method 728
was used for structural optimization with the convergence criterion of 729
the force on each atom less than 0.01 eV/A. Electronic minimization 730
was performed by using a blocked Davidson iteration scheme until 731
total system energy converges at 10~ eV. For the interface reaction 732
modeling, the metal-adsorbed TMD systems were constructed by 733
placing the contact metal atoms on top of four TMD layers. A 15-A- 734
thick vacuum layer along the z-direction was introduced to the surface 735
adsorption slab model to decouple the adjacent periodic images. The 736
adsorption energy was calculated according to E,q = Eov/rmp)-E(tmp)- 737
Eqy where Eqy/rvp) is the energy of the metal adsorbed TMD, and 738
E(rmp)y and E(yy) are the energies of the isolated TMD and metal 739

atom(s) before adsorption, respectively. 740
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