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Abstract. The performance of electronic devices based on two-dimensional (2D) transition metal dichalcogenides
is critically limited by the contact resistance at the metal-semiconductor interface. While the Schottky barrier
height (SBH) is a key parameter, its spatial inhomogeneity, often governed by the metal’s microstructure, remains
a significant yet underexplored challenge. This work presents a systematic investigation directly correlating
the microstructure of nickel (Ni) contacts with the electrical homogeneity and performance of monolayer MoS;
field-effect transistors (FETs). By engineering Ni contacts with distinct microstructures-varying in grain size
and crystallographic orientation through controlled deposition and annealing-we demonstrate that contacts with
larger, (111)-textured grains achieve a superior interface. Through nanoscale structural characterization and
detailed electrical analysis, we show that this optimized microstructure reduces the standard deviation of the
SBH distribution by over 50% compared to fine-grained, polycrystalline contacts. This enhanced homogeneity
translates directly to a 40% reduction in median specific contact resistivity (to ~ 2.8kQ2-um) and a twofold increase
in the ON-state current. Our findings establish nanoscale control of metal microstructure as a fundamental

strategy for achieving high-performance and reliable 2D electronic devices.
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1 Introduction

The relentless pursuit of Moore’s Law has driven silicon-based electronics to its fundamental
physical and economic limits. As transistor channels approach atomic dimensions, quantum
effects and short-channel effects become increasingly pronounced, compromising device perfor-
mance and reliability (Desai et al., 2016). This technological impasse has catalyzed the search for
alternative semiconductor materials that can deliver superior electrostatic control, high carrier
mobility, and energy-efficient switching at the ultimate scaling limit.

Among various emerging materials, two-dimensional transition metal dichalcogenides (2D
TMDs) have emerged as particularly promising candidates. Unlike graphene, which lacks a nat-
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ural bandgap, TMDs like molybdenum disulfide (MoS3), tungsten disulfide (WS;), and tungsten
diselenide (WSey) possess sizable and layer-dependent bandgaps (1.2-2.0 eV for monolayers),
making them ideal for digital logic applications (Wang et al., 2012). Their atomically thin body,
absence of dangling bonds, mechanical flexibility, and excellent electrostatic integrity position
them as viable successors to silicon for ultra-scaled, low-power electronics (Radisavljevic et al.,
2011).

Despite these remarkable intrinsic properties, the practical implementation of 2D TMD-
based field-effect transistors (FETs) has been consistently hampered by one critical challenge:
excessively high contact resistance at the metal-semiconductor interface. This resistance, often
orders of magnitude higher than in conventional silicon devices, originates from the Schottky
barrier formed between the metal’s Fermi level and the conduction band minimum of n-type
TMDs like MoSs (Allain et al., 2015).

The problem is exacerbated by strong Fermi-level pinning (FLP) effects, where metal-induced
gap states (MIGS) and interface defects pin the Fermi level close to the conduction band edge,
irrespective of the metal’s work function (Wang et al., 2021). This phenomenon severely limits
the effectiveness of conventional contact engineering strategies based on work function tuning
alone. Consequently, achieving low-resistance Ohmic contacts remains the primary bottleneck
preventing the commercial adoption of 2D TMD technologies (Miao et al., 2022).

Substantial research efforts have been dedicated to addressing the contact resistance chal-
lenge, employing multiple complementary approaches: Metal Work Function Engineering (e.g.,
Sc, Ti); (Allain et al., 2015). Doping and Charge Transfer Layers; (Wang et al., 2021a); Phase
Engineering (2H to 1T/1T’ phase transition); and Interface Engineering with van der Waals con-
tacts. Despite these extensive efforts, a critical aspect has remained relatively underexplored:
the role of metal microstructure in determining Schottky barrier homogeneity (Li et al., 2024).
Even when average barrier heights (®p,) are reduced through the aforementioned strategies,
spatial inhomogeneity of SBHs introduces significant device-to-device variability and non-ideal
current transport characteristics (Werner & Guttler, 1991; Abdullayeva & Hasanov, 2024).

Recent theoretical studies and experimental observations have highlighted that SBH inho-
mogeneity can dominate overall device performance. Gaussian distribution models suggest that
standard deviations (og) as small as 50 meV can reduce effective drive current by more than
30% compared to an ideal homogeneous barrier (Werner & Guttler, 1991). This recognition mo-
tivates a paradigm shift in contact engineering - from focusing solely on reducing average barrier
heights to simultaneously minimizing spatial inhomogeneity through microstructural control (Li
et al., 2024; Sun et al., 2024; Askerov et al., 2020).

Fine-grained Ni Contact Coarse-grained (111) Ni Contact

0, & ¢

O
Q O
O O A

Figure 1: Schematic illustration of Ni contact microstructure and its impact on the MoS, interface

The present work addresses this critical gap by systematically investigating the correlation
between Ni microstructure and Schottky barrier homogeneity in monolayer MoSs FETs. A
conceptual schematic of the different Ni microstructures and their impact on the MoSs inter-
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face is shown in Figure 1. This work integrates comprehensive experimental characterization
with theoretical modeling to establish microstructure engineering as a fundamental strategy for
achieving high-performance and reliable 2D electronic devices.

Table 1: Strategies to reduce contact resistance in MoSs FETs

Strategy Representative Approaches Example References
Metal selection Choosing low work-function met- | Allain et al. (2015)

als (Sc, Ti, Ni)
Doping Chemical doping, substitutional | Wang et al. (2021)

dopants
Phase engineering 2H — 1T phase transition Kappera et al. (2014)
Interface engineering Insertion layers, defect passivation | Shen et al. (2021)
Microstructure  engi- | Grain size/orientation control | This work; Li et al.
neering (2024)

2 Experimental Methods

Monolayer MoS, flakes were mechanically exfoliated onto SiOy (285nm)/pt+ — Si substrates.
Electron-beam lithography was used to define contact patterns, followed by metal deposition
and lift-off (Mahlouji et al., 2021).

Ni Contact Fabrication: Two distinct Ni contact structures were fabricated:

1. Fine-grained Ni: Deposited via electron-beam evaporation at room temperature, with a
base pressure of < 5 x 1077 Torr and a deposition rate of 0.54/s.

2. Coarse-grained, (111)-textured Ni: Deposited via electron-beam evaporation at an elevated
substrate temperature of 300°C, with a base pressure of < 5 x 107 Torr and a deposition
rate of 0.2;21/ s. This was followed by a post-deposition annealing step at 500°C for 30
minutes in a forming gas atmosphere (5% Ha, 95% Ar (Sun et al., 2024)).

Characterization: Microstructural analysis was performed using X-ray Diffraction (XRD) to
determine crystallographic orientation and grain size via Scherrer analysis, and Atomic Force
Microscopy (AFM) to assess surface morphology and grain structure. Electrical characterization
of the FET's was performed using a semiconductor parameter analyzer in a vacuum probe station
(Giza et al., 2024).

3 Results and Discussion

3.1 Microstructural Analysis of Ni Contacts

Two distinct Ni microstructures were achieved through controlled deposition and annealing
parameters. Structural characterization confirmed significant differences in grain morphology
and crystallographic orientation between the two contact types.

XRD analysis confirmed a strong (111) texture in the annealed films, with an average grain
size exceeding 50 nm, compared to < 20nm for the fine-grained films. AFM surface topography
maps revealed large, columnar grains in the coarse-grained films, with significantly fewer grain
boundaries intersecting the interface, consistent with the XRD data (Li et al., 2024).

352



J. ABDULLAYEYV et al.: CORRELATING Ni MICROSTRUCTURE WITH SCHOTTKY BARRIER...

Intensity (a.u.)

1.6

1.4
1.2

1.0

0.8
0.6
0.4

0.2
0.0

T

XRD Patterns of Ni Contacts

— Fine-grained Ni
—— Coarse-grained Ni (111)

20 30 40 50 60 70 80
26 (degrees)

Figure 2: XRD and AFM characterization of Ni contacts

3.2 Electrical Performance of MoS, FET's

The impact of Ni microstructure on device performance was systematically evaluated through
electrical characterization of MoSy FETs. Devices with coarse-grained contacts exhibited sig-
nificantly improved performance across all key metrics.
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Figure 3: Electrical characterization of MoSs FETs with fine-grained vs coarse-grained Ni contacts

Statistical analysis across 20 devices for each contact type showed a consistent enhancement.
As summarized in Table 2, the median ON-current doubled, mobility increased from ~ 15 to
~ 32em?/V As, and subthreshold swing decreased from 120 to 85mV/dec. The performance
spread (standard deviation) for all parameters was reduced by over 40% for devices with coarse-
grained contacts, underscoring the improved homogeneity (Giza et al., 2024; Sun et al., 2024).
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Table 2: Statistical summary of key device performance parameters for fine-grained vs. coarse-
grained Ni contacts (measured across 20 devices each)

Parameter Fine-Grained Coarse-Grained Improvement
Ni (111) Ni

Median ON-Current | 15 £ 5 30£3 2x

(HA/pm)

Mobility (cm?/VAs) 15 +4 32+ 3 > 2x

Subthreshold Swing | 120 &+ 15 85 + 8 ~30% reduction

(mV /dec)

Contact Resistivity | 4.7 £ 0.9 2.8+ 0.4 40% reduction

(kS2Apm)

3.3 Contact Resistivity and Schottky Barrier Homogeneity

To quantitatively understand the origin of the performance improvement, we performed de-
tailed analysis of contact properties using the transfer length method (TLM) and temperature-
dependent electrical measurements.
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Figure 4: Schottky barrier height fitting and Gaussian distribution analysis

TLM analysis confirmed a 40% reduction in median contact resistivity, from 4.7kQ - ym to
2.8k - pm, for coarse-grained Ni contacts (Sun et al., 2024). Low-temperature I-V measure-
ments were performed to probe the SBH distribution. The data were fitted using the Gaussian
distribution model of SBH inhomogeneity (Werner & Guttler, 1991). This analysis revealed that
while the mean SBH (®p,) was only slightly lower for the coarse-grained contacts (~ 125 meV
vs. ~ 135 meV), the key improvement was in barrier homogeneity: the standard deviation oS
reduced dramatically from 80 meV to 35 meV. This uniformity directly enables more efficient
and uniform carrier injection across the entire contact interface (Wang et al., 2021a; Werner &
Guttler, 1991).

3.4 Mechanistic Understanding and Comparison with Literature

The improved performance is attributed to reduced grain-boundary density and a dominant
(111) orientation at the Ni/MoS; interface. These structural features suppress localized pinning
and facet-induced work-function variation, creating a chemically and electronically uniform in-
terface (Li et al., 2024).
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Our findings must be contextualized within the broader landscape of contact engineering
research. Compared to alternative approaches:

1. Low-Work-Function Metals (Sc, Y): While these metals demonstrate lower nominal (®p,),
they often suffer from poor environmental stability and integration challenges (Allain et al.,
2015; Xiong et al., 2023). Microstructure engineering achieves comparable o_S reduction
using conventional, CMOS-compatible metals like Ni, offering superior scalability (Sun et
al., 2024).

2. Phase Engineering: Metallic phase TMD contacts show excellent performance but face
stability issues during processing and operation (Kappera et al., 2014). Our approach pro-
vides enhanced stability and process simplicity while maintaining competitive performance
metrics.

3. Doping Strategies: Chemical doping effectively reduces depletion width but can introduce
additional scattering centers and variability (Wang et al., 2021b). Microstructure control
addresses the fundamental origin of variability without modifying the semiconductor’s
electronic structure (Li et al., 2024).

4. Van der Waals Contacts: These approaches minimize FLP but introduce fabrication com-
plexity and potential reliability concerns (Shen et al., 2021). Microstructure engineering
offers a more straightforward and industrially viable path to implementation (Pak et al.,
2025; Sun et al., 2024).

The unique contribution of our work lies in demonstrating that conventional metallization
processes, when optimized for microstructural control, can achieve performance metrics com-
petitive with more complex approaches, while offering superior scalability, stability, and manu-
facturability (Li et al., 2024; Pak et al., 2025; Sun et al., 2024).

4 Conclusion

This comprehensive study establishes a robust experimental and theoretical framework linking
metal microstructure to Schottky barrier homogeneity in monolayer MoSes FETs. Through
controlled engineering of Ni contacts, we have demonstrated that transitioning from fine-grained
polycrystalline films to coarse, (111)-textured structures reduces the standard deviation of SBH
distribution by more than 50% (from 80 to 35 meV), decreases specific contact resistivity by
40% (to 2.8k§2- pm), and doubles the ON-state current.

These improvements are quantitatively explained through Gaussian distribution models of
barrier inhomogeneity, highlighting that reducing (og) is thermodynamically equivalent to lower-
ing the average barrier height. Our results establish microstructure engineering as a fundamental
strategy that complements traditional approaches based on metal selection, doping, and phase
engineering.

Beyond the specific Ni/MoSs system investigated, this work provides general principles ap-
plicable across the broader family of 2D semiconductors. The integration of microstructural
control with other contact engineering strategies represents a promising direction for future re-
search, potentially enabling the full realization of 2D materials’ potential in next-generation
electronic, optoelectronic, and quantum devices.
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