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Executive Summary 

This Director’s Strategic Initiative (DSI) project, “Transport in Complex 
Crystalline Materials based on van der Waals Heterostructures” was conceived and 
developed to investigate the electronic properties of heterogeneous van der Waals 
(vdW) solids. This DSI effort has contributed to the development of a technique to 
integrate vdW 2-D semiconductors and conventional 3-D semiconductors. The 
resultant novel 2-D/3-D heterostructure material consists of an atomically sharp  
2-D layer sandwiched between encapsulating 3-D layers forming an ultra-thin 
body, which makes them a promising material system of choice as a component of 
an improved heterojunction bipolar transistor (HBT) technology.  

To achieve a large current and faster speed vis-à-vis a lateral device geometry, we 
have used molybdenum disulfide as the 2-D component and gallium nitride as the 
3-D component in the vertical configuration. High-quality, defect-free interfaces 
between the 2- and 3-D systems, a critical criterion for efficient HBT device 
operation, was achieved through chemical powder vaporization, metal-organic 
chemical vapor deposition, and molecular beam epitaxy.  

Our innovative approach overcame fundamental problems limiting the use of 2-D 
materials in electronic devices, with far-reaching consequences for the 
development of energy-efficient electronic devices and systems. Consequently, our 
scientific discovery promises to be a key enabler for next-generation, high-
frequency, high-power communication and sensing systems for battlefield needs. 
This work has also spurred interest in the scientific community and contributed to 
the advancement of fundamental knowledge and the applicability of complex 
crystalline materials based on vdW heterostructures. 
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1. Introduction/Background 

The extraction of single-layer graphene from bulk graphite in 2004 by Andre Geim 
and Konstantin Novoselov lead to the first observation of the anomalous quantum 
Hall effect in graphene, which provided direct evidence of graphene’s theoretically 
predicted Berry’s phase of massless Dirac fermions.1 Afterward, a large number of 
2-D materials were discovered or revisited. Currently, there are a number of known 
classes of 2-D materials, including atomic crystals, transition metal 
dichalcogenides (TMDs), transition metal oxides, and so on. 

Similar to other 2-D materials, TMDs offer chemical tunability. They have attracted 
much attention due to their scalability, the step-like density of states, and the 
absence of broken bonds at the interface. Moreover, the lack of dangling bonds at 
the surface of TMDs allows for fabricating material stacks with low densities of 
interface defects. The transition metal in a TMD determines if a material is metallic 
(e.g., NbX2 or ReX2, where X=S, Se, Te) or semiconducting (e.g., MoX2, WX2, 
where X=S, Se, Te). Various bandgap values can be selected through the choice of 
the chalcogenide. As proposed by Geim and Grigorieva,2 van der Waals (vdW) 
materials can be stacked to form multifunctional materials. Entirely new physical 
phenomena can be revealed by designing tailor-made, artificial vdW solids that 
cannot be accessed by classical high-temperature solid-state chemistry.3 This 
approach involve a rich knowledge of material science, physics, and chemistry. In 
addition, vdW heterostructures allow a conceptually new degree of flexibility in 
designing electronics, optoelectronics, and other novel devices.4‒5  

Vertical stacking of 2-D materials requires a clear understanding of the vdW gap 
and the force between the layers because these factors determine the interlayer 
tunneling between the layers.6 The knowledge of interlayer coupling strength is also 
crucial for accurate material and device characterization. Similarly, as shown in 
multilayer graphene, chemical functionalization in the vdW gap between the 2-D 
layers can also tune the fundamental material and device properties.7‒8 Intercalation 
and the interaction with molecular adsorbates provide novel routes for chemical 
doping, which are unique to 2-D materials.8 Recently, there has been an increase in 
understanding of the aligned growth of TMDs on near-lattice-matched substrates.9  

2. Program Objectives 

The goal of this 3-year project is to develop a unified (atomistic to macro level) 
understanding of the unique properties of heterogeneous vdW solids as possible 
next-generation materials for electronic devices. Particular attention is given to the 
study of vertical charge transport in vdW structures. We view this Director’s 
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Strategic Initiative (DSI) program as the exploratory phase for a potential US Army 
Combat Capabilities Development Command Army Research Laboratory (CCDC 
ARL) research program in this area. Experience shows that it takes 15‒20 years for 
new semiconductor material systems to mature from concept to industry adoption. 
If successful, the projected research horizon is at least 10 years past the completion 
date of the DSI phase. We aim to elucidate theory, synthesis, metrology, 
nanofabrication, and novel device concepts based on complex vdW crystals. 

The following are our specific aims: 

1) Develop theoretical/computational description of transport in complex 
heterogeneous vdW crystals. 

2) Develop substrate-aligned, large-area, electronic-grade growth of complex 
vdW crystals. 

3) Develop novel electronic device concepts based on vdW solids for the 
following: 

o High-speed RF front ends 

o High-power RF transmitters 

o High-efficiency digital electronics (exciton based)  

Table 1 summarizes the main program objectives by year and by functional area.  
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Table 1 Three-year objectives of this DSI program 

Year 1 Develop theory/methodology to link quantum mechanical computations with lateral and 
vertical charge transport to understand dominant transport mechanisms. 

Develop 2-D layer growth aligned with 3-D semiconducting substrates to enable diode 
fabrication. 

Characterize 2-D films grown on 3-D substrates (3-D+2-D) to explore the effects of 
crystallinity, orientation, morphology, defects, and such on a diode structure 
performance.  

Characterize the electronic properties of the structure (3-D+2-D), and analyze the junction 
properties to validate the theory and give insight into the performance improvement 
pathways. 

Year 2 Develop a methodology for calculating the current transport in heterogeneous vdW 
crystals and ranking candidate materials in terms of electronic properties for device 
applications. 

Develop growth of stacked heterogeneous layers to enable transistor fabrication. 

Characterize the material and electrical properties of complex vdW crystals to validate 
theory and give insight into performance improvements. 

Year 3 Model exciton-based transport in vdW crystals to predict the maximum operating 
temperature. 

Explore targeted impurity introduction in as-grown films to increase device performance. 

Develop and characterize proof-of-concept vdW solid test structures: tunneling device 
(speed) and n-p-n device (RF power) and excitonic device (high-efficiency digital). Judge 
the potential for these devices to have revolutionary performance under mission-funded 
10-year plan. 

3. Planned Approach 

To achieve the objectives listed in Section 2 (Table 1), our planned approach 
includes five key steps:  

1) Growth 

2) Theory/modeling 

3) Metrology 

4) Device fabrication 

5) Characterization 

The tasks assigned to each step are listed in Table 2. Figure 1 shows the 
collaboration map for this DSI effort. 
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Table 2 Implemented technical steps 

 
 

 

Fig. 1 Collaboration map of the DSI highlighting collaborating academic and industrial 
partners 

4. Epitaxial Growth of 2-D Material on a 3-D Substrate 

4.1 Introduction and Motivation 

Two-dimensional semiconducting TMDs are promising candidates for high-
performance electronic and optoelectronic devices because they exhibit atomically 
sharp interfaces, ultra-thin dimensions, flexibility, and large optical effects.2,10‒11 
For example, molybdenum disulfide (MoS2) is one of the most studied 2-D TMDs 
and has been tested in proof-of-concept, ultra-fast field-effect transistors (FETs), 
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optical devices, and flexible electronics.12‒17 In general, however, the highest 
mobility 2-D MoS2 is obtained by exfoliation of geological MoS2 crystals that are 
mechanically transferred to the desired substrate. Small specimen sizes, uncertainty 
in placement location, and lack of control over the MoS2 crystal composition are 
the main drawbacks to using the geological material source.13,18 Attempting to 
overcome these limitations, many have used synthetic materials to grow 2-D 
semiconductors with an engineered composition. MoS2 has been synthesized by 
chemical vapor deposition (CVD),19 metal‒organic chemical vapor deposition 
(MOCVD),20 and pulsed laser deposition (PLD),21 but primarily on insulating oxide 
substrates. Monolayer (ML) MoS2 has been synthesized by MOCVD on oxides, but 
it generally results in crystals that lack alignment, resulting in grain boundaries 
when crystals merge.20 While ML MoS2 has been grown partially aligned to a 
sapphire substrate using CVD,19 2-D semiconductors grown on insulating 
substrates are limited to simple device architectures and generally require transfer 
to other substrates in order to be integrated into heterostructure devices.  

On the other hand, 2-D semiconductors grown with epitaxial alignment to a 
conventional 3-D semiconductor substrate are of interest for use in hybrid 2-D/3-D 
electronic devices that employ the advantages of both the established 3-D 
semiconductors and the unique properties of ultra-thin 2-D crystals.22‒23 In 
particular, we envision that a vertical 3-D/2-D/3-D structure could enable high-
frequency, high-power heterojunction bipolar transistor (HBT) devices where the 
atomically thin 2-D TMD base provides for high-speed operation and the vertical 
nature of the electronic transport allows for a large surface area and thus high 
current. The use of MoS2 and gallium nitride (GaN) demonstrates an example of a 
2-D/3-D combination matching the general requirements for the vertical HBT. 
These requirements include close lattice match and favorable electronic band 
structure alignment. In addition, there is evidence that MoS2 can serve as a growth 
template for GaN,24 which gives a potential pathway to produce the top 3-D 
component in a GaN/MoS2/GaN stack. As an initial step toward the implementation 
of 3- and 2-terminal bipolar 2-D/3-D heterostructures, we investigate simple 
unipolar 2-D/3-D stacks to address the basic questions regarding the feasibility of 
epitaxial growth and vertical electron transport across the vdW gap. 

In this study, we present 2-D/3-D heterostructures based on the epitaxially grown 
MoS2 on GaN substrates and demonstrate vertical electrical conduction across the 
interface. Our GaN/MoS2 heterostructures are a lattice-matched system, unlike 
most reported epitaxial 2-D/2-D and 2-D/3-D heterostructures to date.19,25‒26 The 
MoS2 ML coverage is nearly 50% with ML triangles typically 1 μm along each side 
and ML blankets of up to 30 μm across. Photoluminescence (PL) and Raman 
microanalysis were employed to characterize ML MoS2 and its interaction with the 
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substrate. The analysis suggests that our CVD growth of epitaxial MoS2 on GaN 
produces ML MoS2 islands of superior structural quality to that of the mechanically 
exfoliated MoS2 available to us for this study. Finally, we use conductive AFM 
(CAFM) to electrically characterize as-grown MoS2/GaN heterostructures. It is 
important to note that using CAFM allows us to avoid processing the MoS2/GaN 
heterostructure with microfabrication chemicals such as solvents and polymer 
resists. We demonstrate out-of-plane electrical conduction and estimate contact 
resistivity between the MoS2 and GaN as well as current spreading in the MoS2 
ML. 

4.2 Methods 

4.2.1 MoS2 Growth 

MoS2 was grown on a GaN substrate via a powder vaporization technique:  
2 mg of molybdenum trioxide (MoO3; 99.8%, Sigma Aldrich) is placed in the center 
of a single zone furnace, and 200 mg of sulfur (S) powder (99.995%, Alfa Aesar) 
is placed approximately 12 inches upstream of the MoO3 crucible. To eliminate the 
water and organic residual in the system, 10-min vacuum (0.018 Torr) annealing at 
300 °C was employed before the growth. The S was heated at 130 °C right after the 
annealing. The growth was set at 800 °C and 710 Torr for 15 min with  
100 sccm of ultra-pure argon flow.  

4.2.2 Photoluminescence and Raman Spectroscopy 

The MoS2/GaN heterostructures were characterized via PL and Raman 
spectroscopies with a WITec Alpha 300RA system using a 2.33-eV laser excitation 
energy. Incident laser power was adjusted in order to keep the power density at 
approximately 5.5 mW/μm2 for single spectra data. Raman and PL images were 
developed over several square micrometer regions using a 250-nm grid spacing 
with integration times as large as 6 s. Regions of interest were identified from these 
maps for which single spectra were obtained using a 2-s integration time and 60 
accumulations. 

4.2.3 X-ray Photoelectron Spectroscopy  

The composition of the MoS2 structures and changes to the surface of the 
underlying GaN substrate were examined with X-ray photoelectron spectroscopy 
(XPS). The samples were analyzed in a Kratos Axis Ultra DLD instrument 
equipped with a spherical mirror analyzer. The X-rays were generated by a 
monochromated aluminum (Al) Kα source operated at 104 W. The analysis area 
was approximately 1 mm by 0.5 mm and the analyzer pass energy was set to 40 eV. 
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At least three non-overlapping spots were analyzed per sample and the 
quantification results shown are the arithmetic mean of these spots. For all samples 
measured, a low-energy electron gun was used for charge neutralization. Despite 
the neutralizer, differential charging was evident between surfaces with and without 
MoS2 overlayers. Using the Auger parameter 3-D/L3M45M45 for gallium (Ga; 
1084.05 eV), we determined that Ga is in the 3+ oxidation state for all surfaces 
measured.27 To account for differential charging, spectra from an unprocessed 
GaN/GaN/sapphire surface was referenced against the hydrocarbon C1s peak  
(C-H 284.8 eV) from adventitious carbon. For this surface, the Ga L3M45M45 Auger 
transition was measured at 422.6 eV. Knowing that Ga has the same oxidation state 
for all surfaces measured, we used the Ga L3M45M45 Auger transition as an internal 
reference for the rest of the samples: MoS2/GaN and the GaN-S sample.  

Peak fitting was carried out in the CasaXPS software using Gaussian‒Lorentzian 
peak shapes and Shirley backgrounds. Relative sensitivity factors used for 
quantification were provided by Kratos Analytical, specifically for the Axis Ultra 
DLD instrument. Peaks that occurred as spin-orbit doublets were constrained to 
have equal full-width half-maximum (FWHM) values and the expected peak area 
ratios for each spin state (1:2 for p1/2 and p3/2; 2:3 for d3/2 and d5/2) were also 
constrained. 

4.2.4 AFM and CAFM Measurements 

The CAFM measurements were performed on a MultiMode AFM (Bruker, Santa 
Barbara, California) that provides nanoscale mechanical (PeakForce QNM) and 
electrical characterization (PeakForce Kelvin Probe Force Microscopy [PeakForce 
KPFM], PeakForce Tunneling Atomic Force Microscopy [PeakForce TUNA]) in 
addition to common topographical imaging (amplitude modulation AFM [AM-
AFM]), PeakForce AFM). During mapping, over selected areas, various AFM 
modes were used to gather a complementary characterization of the structures of 
interest. The MoS2 islands were identified in the phase contrast images of AM-
AFM with the AFM operated at low set-points (reduced tapping amplitudes), in 
which case the repulsive response from the MoS2 increases the phase contrast of 
the MoS2 islands with respect to that of the uncovered GaN regions. The enhanced 
dissipative response of MoS2 in comparison with that of GaN was confirmed also 
in the maps of adhesive force and dissipation acquired during PeakForce AFM over 
areas comprising MoS2 islands and bare GaN.  

PeakForce KPFM was used to measure the surface potential (SP) of the investigated 
sample.28 PeakForce KPFM is an implementation of frequency modulation KPFM 
on PeakForce Tapping, which combines two cascaded lock-in amplifiers for the 
detection of the electrical gradient. The phase signal measured by the first lock-in 
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amplifier at the resonance frequency of the cantilever is fed into the second lock-in 
amplifier that is locked at the KPFM modulation frequency. The output of the 
second lock-in amplifier is used for the KPFM feedback to cancel out the electric 
gradient at the modulation frequency. The PeakForce modulation was performed at 
2 kHz and 50-nm amplitude, and the KPFM measurements were made during the 
second-pass of each scanning line at a 70-nm lift height. The AFM probe used for 
these measurements was a SCM-PIT tip (Bruker, Santa Barbara, California) with 
the first resonance frequency at 54.1 kHz. 

In PeakForce TUNA, the tip/sample current is measured during each tap of the 
PeakForce Tapping by a linear amplifier. For these measurements, either a 
nitrogen-doped diamond coated CAFM tip (NT-MDT Co.) or a conductive 
platinum silicide (PtSi) tip (Nanosensors, Neuchatel, Switzerland) was used while 
the AFM was engaged in PeakForce Tapping (30-nm tap amplitude at 1 kHz). The 
PeakForce TUNA was operated at ‒7 V DC bias and a current sensitivity of  
20 nA/V. 

4.3 Results and Discussion 

Epitaxial alignment between MoS2 and GaN is predicted to exist because both GaN 
and MoS2 belong to a hexagonal crystal system with in-plane lattice mismatch of 
less than 1% (GaN = 3.19 Å, MoS2 = 3.16 Å).29 We also expect the small 
discrepancy in the coefficients of thermal expansion between GaN and MoS2 to 
allow the epitaxial alignment to remain when the stack is cooled from the growth 
temperature of MoS2 to room temperature.30‒31 We note that quasi-epitaxial 
multilayer and ML MoS2 films on GaN were grown by PLD.21 Deposition of 
semiconductors by PLD is a straightforward method to deposit material from the 
target to the substrate with high deposition rates. However, PLD has inherent 
compositional non-uniformity issues that set limits for achieving low-defect 
epitaxial interfaces that are required to provide efficient carrier transport in vertical 
high-performance devices.  

In this work, we investigate MoS2/GaN hybrid structures on sapphire (c-plane) 
substrates. A stack of two GaN layers was grown on sapphire using MOCVD by 
NTT Advanced Technology Corp.: GaN (c-plane, silicon [Si]-doped, free electron 
density n = 1e16 cm‒3, 300 nm, top layer)/GaN(c-plane, Si-doped, n = 1e19 cm‒3,  
700 nm)/sapphire (Fig. 2a). We grow MoS2 in a CVD system using powder 
vaporization32 (Fig. 2b). Our CVD process is described in Section 4.2. Briefly, 
MoO3 is placed in the center of a single zone furnace, and S powder is placed 
approximately 12 inches upstream of the MoO3 crucible. The growth occurs in 
ultra-pure argon at 800 °C for 15 min, with the S heated separately by a heat tape 
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at 130 °C. Subsequently, MoS2 domains were characterized by scanning electron 
microscopy (SEM) (Fig. 2c) and found to be in the form of ML equilateral triangles. 
A typical triangle size is 1 μm with some isolated triangles of up to 10 μm in size. 
Coalesced ML islands extend up to 30 μm, with no evidence of stitches when 
observed by SEM and AFM. There is also some trilayer and higher-order growth 
together with scattered 3-D crystals. The striking feature is the oriented growth of 
the triangles (Fig. 2c), where nearly all MoS2 triangles are aligned with the 
rotational symmetry of the P63mc space group of GaN. 

 

Fig. 2 a) Structure of the MOCVD GaN stack on sapphire. b) CVD system for MoS2 
growth. c) SEM of MoS2 ML triangles on GaN epitaxial crystal. Scale bar is 1 μm and is 
aligned with (1-100) plane of GaN. (Inset) Orientation of the (1-100) plane of hexagonal 
crystals of GaN and MoS2 is shown. 

The c-plane orientation of the wurtzite lattice (hexagonal crystal system) of GaN 
was confirmed with electron backscatter diffraction (EBSD) analysis. The m-plane 
(1-100) orientation of GaN in Fig. 2c (inset) was determined by EBSD to be parallel 
to the horizontal axis and the scale bar. The fact that the sides of triangles of MoS2 
in Fig. 1c are aligned with the m-plane of GaN confirms the epitaxial alignment of 
GaN and MoS2 lattices. Interestingly, the large ML islands (>10 μm in size) and 
triangles can be misaligned even though they also exhibit sharp, straight edges and 
60° corners. At the same time, larger triangles of up to 8 μm that are oriented to the 
GaN are also observed. It is plausible that the initial growth that leads to larger 
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structures originates on defects or 3-D crystals (often found in the center of large 
MoS2 ML islands) and does not occur in an epitaxial manner. The structures that 
nucleate later on smaller defects or no defects progress in an epitaxial manner and 
are smaller in size due to shorter growth time. It is also possible that epitaxial 
growth happens at a slower rate than misoriented growth. SEM and AFM do not 
show any stitches or flake overlaps where expanding triangles merge to form larger 
area MLs, but high-resolution microscopy would be needed to resolve the grain 
boundaries if any. The merging of neighboring MoS2 triangles without grain 
boundaries is a prerequisite for the large-area epitaxial growth and is a vital step for 
the development of the field of 2-D electronics.  

The composition of the 2-D structures, layer count, and the effect of the GaN lattice 
on the quality of ML MoS2 were studied with Raman and PL microspectroscopies. 
Raman and PL hyperspectral images generated by mapping on fundamental 
spectral features (e.g., peak position) provide useful information over several 
micrometer square regions with a lateral resolution on the order of the spot size of 
the laser (~340 nm in our case). Regions of interest can be readily identified and 
explored in more detail via single point measurements with increased integration 
times in order to bring out subtle details in the spectra. Figure 3a‒d displays optical, 
Raman, and PL images obtained from a region where large isolated ML domains 
(~8 μm on the side) were observed. Each domain investigated exhibits a growth 
direction comparable to those observed for the smaller triangles that are known to 
have an epitaxial relationship with the GaN substrate. The ML is difficult to observe 
in the optical image due to the absence of interference enhancement, often used 
with silicon dioxide (SiO2)/Si substrates for ML identification. To guide the reader, 
the domain centered in Fig. 3a is outlined by a black-dashed triangle. The red-
dashed triangle is the region of enhanced MoS2/GaN lattice interaction discussed. 
The material identification and ML character of MoS2 are ascertained by the E’ and 
A’1 Raman peaks frequency difference of less than 20 cm‒1, and the strength and 
position of the observed PL peak (Fig. 3e‒f).  
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Fig. 3 a) Optical micrograph, b) Raman image of the A’1 mode peak position, c) PL image 
of the intensity of A-exciton peak, and d) PL image of the position of A-exciton peak. The 
black-dashed triangle specifies the extent of the MoS2 growth, and the red-dashed triangle 
indicates the region of enhanced PL signal. e) Raman spectra for mechanically exfoliated (ME) 
ML MoS2/SiO2, ML MoS2/GaN isolated triangle, ML MoS2/GaN continuous layers, two MLs 
of MoS2/GaN, and bare GaN substrate. Vertical dashed lines indicating the peak positons for 
the ME reference are added for a guide to the eye. f) PL spectra taken at the same data 
collection points as for the Raman spectra.  

The interface-sensing spectral information of the isolated triangles and their 
connection to light emission properties are quite interesting. We illustrate this 
connection by showing what can be obtained from the hyperspectral images and 
then focusing our attention on single spectra taken in the regions of interests 
revealed by imaging. Figure 3b provides a map of the position of the out-of-plane 
A’1 peak position that reveals a blueshift of the A’1 peak in a region located away 
from the edge of the triangle (i.e., away from the region of near-edge particles 
similar to those identified later in Fig. 10). Next, as shown in Fig. 3c, this region 
corresponds to an area of enhanced PL signal with a rapid increase starting at 
approximately 1 μm from the triangle’s edge. As a final point to be gleaned from 
the images, Fig. 3d reveals that this same region also maps to that of the greatest 
emitted photon energy.  

We now turn our attention to features in the single spectra that help us interpret the 
observations made available by Raman and PL images. First, the Raman spectra 
over a wavenumber region encompassing the in-plane and out-of-plane modes are 
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shown in Fig. 3e. The spectra were obtained at points indicated in the PL images 
(see Figs. 3c and 11c) and are distinguished by the same color as the white outline 
circles. Additionally, results for a ME ML MoS2

33 are represented by the red curve 
and provide a useful reference. Most notable is the comparison between the ME 
reference and the MoS2/GaN triangle. There are three main points to be made:  
1) the frequency difference between the E’ and A’1 modes of less than 20 cm‒1 is 
consistent with ME MLs;34‒35 2) peak positions for the stress sensitive in-plane 
mode E’ are virtually the same indicating stress-free (i.e., relaxed) layer growth of 
the MoS2/GaN (again, this holds for areas ~1 µm distant from the triangle’s edge); 
and 3) as discussed in Zhou et al.,36 the approximately 1 cm‒1 blueshift of the A’1 
peak together with no observable change in the position of E’ is suggestive of a 
strengthening vdW contact with the adjacent GaN substrate in this region of the 
triangle.36 Continuing with the remaining spectra in Fig. 3e, the slight redshift of 
the E’ mode observed on the MoS2/GaN continuous ML is consistent with a similar 
redshift observed at the edge of the triangle (single spectra not shown) and the 
expected increase in the degree of edge effects in this region. Moreover, the spectra 
for the two MLs region aligns well with that observed for similar structures in the 
literature.34‒35 That is, a redshift of the E1

2g mode and a blueshift of the A1g mode 
resulting in a frequency difference of 22.6 cm‒1.  

Figure 3f provides the PL spectra in the vicinity of the A-exciton. The data 
collection points on the sample and the ME MoS2/SiO2 reference are the same as 
the Raman spectra. Most remarkable is the very large (~20×) enhancement of the 
PL signal obtained from the triangle as compared to ME MoS2/SiO2 and even the 
continuous ML regions of the MoS2/GaN. This enhancement may be related to a 
substrate charge transfer effect,37 stoichiometry variations,38,39 or another unknown 
mechanism, and will be the subject of further investigations. In addition, we see 
evidence of relaxed layer growth in the PL spectra. When comparing to ME MoS2, 
our material has a narrower PL line width and approximately the same emitted 
photon peak position. The smaller linewidth (FWHM) suggests a reduction in the 
lower-energy charged exciton (i.e., trion) component15 and/or an improvement in 
structural quality.  

Next, it has been shown that relaxed ME MoS2 MLs have a PL peak position at 
higher energies relative to the peak position of CVD MoS2 on an oxide that is under 
tensile strain.40 The A-exciton energy for our material is near and even at slightly 
higher energies than that of ME MoS2. These observations suggest relaxed growth 
of our MoS2 MLs 1 μm away from the edges of the large triangles. Interestingly, 
the mentioned strain in CVD grown materials is often acquired during the cool 
down from growth temperature due to the thermal expansion coefficient mismatch 
with the substrate. In contrast, for our CVD growth of MoS2 on GaN, we have a 
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match of the thermal expansion coefficients as well as a very close match of lattice 
constants that likely explains the relaxed (unstrained) state of our MoS2 on GaN.  

Continuing with the remaining spectra in Fig. 3f, the reduction of intensity and 
redshift of the continuous ML of MoS2/GaN may be understood by considering the 
increase in the degree of edge effects as the size of the triangles are reduced and 
their relative numbers enlarged. All pertinent Raman and PL spectral parameters 
are summarized in Tables 3 and 4, respectively. Taken as a whole, the Raman and 
PL analysis suggests that superior material quality can be achieved by direct growth 
of MoS2 on GaN compared to the ME MoS2 available to us for this study. Technical 
description on PL and Raman measurement techniques is presented in Section 5. 

Table 3 Raman spectral parameters corresponding to spectra shown in Fig. 2e 

 E’ or E1
2g Mode (cm-1) A’1 or A1g Mode (cm-1) 

Structure Peak Position FWHM Peak Position FWHM 

ME MoS2/SiO2 386.5 5.5 405.4 6.4 

MoS2/GaN – Large Triangle 386.5 6.6 406.3 6.5 

MoS2/GaN – Continuous SML 385.7 6.6 406.2 6.8 

MoS2/GaN – 2-Molecular Layers 384.5 7.5 407.1 7.1 

Table 4 PL spectral parameters corresponding to spectra shown in Fig. 2f. The ratio of the 
PL intensity (Ilum) and Raman intensity (IRaman) is used as a measure of the intrinsic 
luminescence quantum efficiency as described in Splendiani et al.51 

 “A” Exciton 

Structure Peak Position (eV) FWHM (meV) ILum/IRaman 

ME MoS2/SiO2 1.875 91 16 

MoS2/GaN – Large Triangle 1.883 63 400 

MoS2/GaN – Continuous SML 1.868 82 17 

MoS2/GaN – 2-Molecular Layers 1.845 116 3 

 
XPS analysis was employed to determine the composition of the 2-D structures and 
to examine possible modifications of the GaN surface as a result of the CVD 
process. Figure 4 shows XPS spectra for the Mo 3-D, S 2s, S 2p, and Ga 3s core 
levels from a MoS2 on GaN sample. The deconvolution of the Mo 3-D region 
reveals Mo 3-D5/2 and 3-D3/2 doublets corresponding to MoS2 (229.4 and 232.5 eV) 
and a weak MoOx doublet (232.4 and 235.6 eV) related to overdeposition of MoOx 
during the MoO3 vaporization. The comparison of the areas of the S 2s and Mo  
3-D peaks shown in Fig. 3a provides an estimate of the S:Mo ratio of 2.05 ± 0.1, 
consistent with stoichiometric MoS2. The S 2s peak appears at 226.5 eV, which is 
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characteristic of MoS2. Similarly, the S 2p doublet (Δ ≈ 1.18 eV) in Fig. 3b is 
consistent with MoS2. Thus, the XPS analysis corroborates the MoS2 composition 
of the structures on the GaN substrate. 

 

Fig. 4 Core level XPS spectra and peak fits from a) Mo 3-D and b) S 2p regions of MoS2 on 
GaN. Panel a) shows components from S 2s (MoS2), Mo 3-D5/2, and 3-D3/2 doublets (MoS2 and 
MoOx). In b), the S 2p doublet (MoS2) and Ga 3s (GaN) are shown. 

We investigated using XPS and an additional CVD growth whether the GaN 
surface is modified (i.e., sulfurized) during the CVD growth of MoS2. A regular 
GaN/GaN//sapphire wafer (sample ID = GaN-S from here on) was run through the 
CVD process that was used to grow MoS2 with the exception that the MoO3 
precursor was not introduced into the CVD tube. The GaN-S sample was exposed 
to the same S flow in the CVD tube and at the same substrate temperature and 
duration as the samples with MoS2 structures. The XPS of the GaN-S sample 
revealed only a weak S 2s peak at BE = 226.4 eV, which corresponds to 1.3 ± 0.1 
atomic percent of S on the surface. The spectral peak parameters of the Ga 2p, 3s, 
and 3d peaks are not modified for the pristine GaN wafer and GaN-S sample  
(Fig. 5c, f, and g). Furthermore, the presence of the sulfur shoulder S 2p is not 
detectable on the Ga 3s peak (Fig. 5f). We conclude that our GaN substrates are 
chemically stable in the CVD process.  
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Fig. 5 Core-level spectra from a) Mo 3-D and b) S 2p regions of MoS2 on GaN. Panel a) 
shows components from S 2s (MoS2), Mo 3-D5/2, and 3-D3/2 doublets (MoS2 and MoOx). In b), 
the S 2p doublet (MoS2) and Ga 3s (GaN) are shown. Panels c), d), e), f), and g) show a 
comparison of Ga 2p, O 1s, C 1s, S 2p, Ga 3s, and Ga 3-D regions for the unprocessed GaN 
surface (bottom traces, black), GaN exposed to sulfur (middle traces, red), and GaN+MoS2 
(top traces, blue). 

We observe an interesting feature in the topographic and adhesion maps of the 
MoS2 structures (see Fig. 7). There is enhanced density of topographic spikes near 
the edges of the triangles and there is lower density on the bare GaN and inside the 
MoS2 triangles. The origin of this particle crowding is unclear but has been studied 
by other research groups. The reported increased oxygen content in the particles 
suggests that they are phases of MoOx. As mentioned earlier, the presence of MoOx 
was detected in our XPS measurements. It is possible that the redeposition of MoOx 
phase from the MoO3 precursor happens more frequently at the edges of the 
triangles since the edges offer more defects that may serve as nucleation sites. This 
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particle crowding phenomenon could potentially limit the growth of large-area 
MoS2 structures when the density of the particles is high enough to disturb the 
growth. Other methods of the TMD growth with a better-controlled environment 
that excludes oxygen may be required for large area MoS2 growth on GaN.  

We further probe the MoS2/GaN (n = 1016 cm‒3, 300 nm) heterojunction using 
CAFM to measure vertical charge transport. The degenerate n+GaN (n = 1019 cm‒3, 
700 nm) layer served as the bottom electrode for the measurement with the AFM 
tip being the top nano-contact as shown in Fig. 6a. The CAFM measurements 
demonstrate that the MoS2/GaN structures electrically conduct in the out-of-plane 
direction and across the vdW gap with typical current-voltage (I-V) characteristics 
shown in Fig. 6b. The conduction in the direction perpendicular to sample plane 
opens up the possibility to combine 2- and 3-D semiconductors in a vertical stack 
to create complex heterostructures with desired properties. For example, the 
crystalline order and epitaxy of our MoS2/GaN stack should allow to use the top 
MoS2 as a template for the consecutive epitaxial growth of next 2- or 3-D layer to 
build a 3-terminal device. 

 

Fig. 6 CAFM of MoS2 on GaN. a) The diagram of the measurement. b) Forward bias I-V 
curve on a MoS2 ML. The fitting is described in the main text. (inset) Full I-V curve on a linear 
scale for MoS2. c) Current map showing MoS2 ML triangles. d) Line profiles across isolated 
triangles and large MoS2 areas shown in c). The shaded areas in d) are ML MoS2. 
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The results of CAFM local current maps are displayed in Fig. 6c and 9b. The CAFM 
shows enhancement of the electrical conductance on the MoS2 monolayers versus 
bare GaN substrate and is also observed in the current line scans in Fig. 6d. One of 
the questions that we address in the CAFM study is how the current flows in the 
MoS2 and across the MoS2/GaN interface. If the sheet resistance of MoS2 (𝑅𝑅𝑠𝑠ℎ) is 
considerably smaller than the contact resistance of the MoS2/GaN interface over 
the area projected by the tip, 𝑅𝑅𝑠𝑠ℎ < 𝜌𝜌𝑐𝑐/𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 , then the current is expected to spread 
in the MoS2 layer to minimize the contact resistance, 𝑅𝑅𝑐𝑐 = 𝜌𝜌𝑐𝑐/𝐴𝐴𝑐𝑐, where 𝜌𝜌𝑐𝑐 is the 
MoS2/GaN contact resistivity, 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 is the CAFM tip contact area, and  
𝐴𝐴𝑐𝑐 = 𝜋𝜋𝑑𝑑𝑐𝑐2/4 is the effective contact area of MoS2/GaN with the characteristic 
contact size 𝑑𝑑𝑐𝑐 (which is roughly the contact transfer length commonly used to treat 
metal-semiconductor contacts). In this case, the CAFM conductivity in the current 
maps should be uniform across the MoS2 layer within the distance 𝑑𝑑𝑐𝑐. If the 
opposite is true, 𝑅𝑅𝑠𝑠ℎ > 𝜌𝜌𝑐𝑐/𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 , then the current will travel vertically and will vary 
across the MoS2 surface on the length scale �𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 . The CAFM current maps over 
the MoS2 triangles in Figs. 6c and 9b show the enhanced current level on the MoS2 
triangles and ML blankets is stable over the 1-μm size areas as compared to 
relatively large current fluctuations on the GaN substrate with the GaN feature sizes 
under 100 nm. This is indicative of large MoS2/GaN contact areas (𝑑𝑑𝑐𝑐 ≥ 1𝜇𝜇𝜇𝜇) and 
considerably smaller GaN/n+GaN contact area and resistivity. To estimate 𝑑𝑑𝑐𝑐, the 
CAFM area maps were measured over large MoS2 MLs and small triangles  
(Fig. 6c). In the two line scans shown in Fig. 6d, the current level on the 1-μm 
triangles is roughly 75% of the current level on ML islands. The higher resistance 
on the triangles can be explained with lower contact area limited by the triangle 
size, 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 𝐴𝐴𝑐𝑐. Since the CAFM current level does not scale with the MoS2 
area and increases only by a fraction of the current on triangles, 𝑑𝑑𝑐𝑐 is expected to 
be greater than or equal to the triangle size and can be estimated as  
𝑑𝑑𝑐𝑐 ≈ 1 𝜇𝜇𝜇𝜇 (𝐴𝐴𝑐𝑐 ≈ 1 𝜇𝜇𝑚𝑚2). Interestingly, the current spreading at the corners of the 
triangles is expected to be limited and is reflected in the measurement by a slightly 
lower current level at the left of both small triangles in the line scans in Fig. 6d. 

Current microscopy using a CAFM tip was performed at several point locations on 
the MoS2 MLs and GaN substrate. For both types of point locations, on MoS2 and 
GaN, the shape of CAFM I-V curves is mostly determined by the tip-semiconductor 
interface that introduces the largest resistance to the current. The contribution of 
the MoS2/GaN interface and the rest of the substrate is manifested only at larger 
currents (I > 0.5 nA) as an additional Ohmic drop, I∙R. We find that the I-V curves 
can be fitted with the model of thermionic emission over the Schottky barrier 
between the tip and top semiconductor layer when the Ohmic drop I∙R is included 
to account for the difference between the applied voltage and the voltage dropped 
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across the Schottky barrier. An example of three-parameter fitting is displayed in 
Fig. 12b. Despite the unusually large ideality factor, n = 38, the Schottky barrier 
height Φ𝐵𝐵  = 370 meV is near the value reported in the literature.41 The extraction 
of the resistance R = 440 MΩ can be used to characterize the buried MoS2/GaN 
interface which is of primary interest for this study. Using the previously estimated 
MoS2/GaN contact size, 𝐴𝐴𝑐𝑐 = 1 µ𝑚𝑚2, the contact resistivity can be evaluated to be 
below 𝜌𝜌𝐶𝐶  ≤ 𝑅𝑅𝐴𝐴𝑐𝑐 = 4 Ω 𝑐𝑐𝑚𝑚2. The fact that the constant resistance (R = 440 MΩ) 
fit provides an excellent match to the MoS2 data in Fig. 12b is consistent with an 
ohmic MoS2/GaN contact.  

KPFM was employed to measure the electric surface potential of MoS2 on GaN. 
The correct scale of the SP images was confirmed with a test scan on an Al-Si-gold 
(Au) calibration sample. In Fig. 7, the KPFM images of MoS2 triangles and 
monolayer islands displayed a clear SP contrast between MoS2 and GaN substrate. 
As shown in Fig. 7, we consistently measure a 360-mV SP difference between the 
GaN and MoS2. The work function is evaluated first by calibrating the SP level on 
gold to the work function of 5.1 eV. Then we measure the work functions of MoS2 
and GaN to be 4.46 and 4.11 eV, respectively. This is consistent with the work 
function of the monolayer MoS2 reported in the literature in the range from 4.0 to 
5.1 eV.11,42 We found the difference in SP between a monolayer and bilayer MoS2 
to be under 30 meV (see also Fig. 8). 

 

Fig. 7 KPFM images showing the 360-mV offset of the SP of MoS2 and GaN 
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Fig. 8 AFM characterization of the MoS2 on GaN terraced surface. (Left) Topography 
maps point out the higher order layer count. (Right) The phase maps distinguish between 
MoS2 and GaN. (Top) Map size 10 × 10 μm. (Bottom) 5 × 5 μm. 

The AFM topographical measurements of the MoS2 MLs are strongly affected by 
the topography of the GaN substrate that consists of a series of terrace steps (see 
Figs. 6‒8). The step height of a single MoS2 ML (7 Å) is just distinguishable from 
the noise. Interestingly, the second-layer growth and higher-order stacking of MoS2 
MLs can be measured reliably to be near 7 Å per ML due to lower noise level of 
the scans on MoS2. The phase area maps of the AM-AFM images show clear 
contrast of the MoS2 MLs on the background of GaN (Fig. 9). We use the phase 
contrast images to simply identify the MoS2 growth and the topography maps to 
readily show if the higher-order MoS2 stacking is present (Figs. 9 and 10). Based 
on the contrast observed between the adhesive properties of the two materials (refer 
to the adhesion maps shown in Fig. 10), it is likely that the phase contrast between 
the two materials is due to differences between their adhesive properties.  
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Fig. 9 CAFM measurements on MoS2. a) Topography map and a line scan and b) local 
current map and a line scan across a MoS2 triangle. The current and conductivity are 
enhanced on the MoS2 ML triangles. 

 

Fig. 10 Topography, adhesion, and surface potential map of a MoS2 triangle with some 
bilayer and trilayer growth 

4.4 Summary 

We grew MoS2 MLs epitaxially aligned to GaN substrates by means of powder 
vaporization. Raman spectroscopy and PL provide evidence of a high quality vdW 
interface between the MoS2 and GaN substrate with 20-times PL enhancement 
observed in the center regions of large-area MoS2 MLs. Measurements with CAFM 
showed that the MoS2/GaN structures electrically conduct in the out-of-plane 
direction and across the vdW gap, which opens up a possibility to combine 2- and 
3-D semiconductors in a vertical stack to create complex heterostructures with 
desired properties. The CAFM analysis suggests interface resistivity measured 
under 4 Ω cm2 and an in-plane current spreading in the MoS2 layer estimated to be 
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approximately 1 μm in diameter. The KFPM measurements revealed a 360-mV 
contrast between MoS2 and GaN SPs. The deduced work functions of MoS2 and 
GaN were 4.46 and 4.11 eV, respectively. The CAFM current spectroscopy shows 
that the I-V curves on tip/MoS2/GaN structures can be described with the 
thermionic emission model with unusually large ideality factor n = 38 and tip/MoS2 
Schottky barrier height of Φ𝐵𝐵 = 370 meV. Epitaxial MoS2/GaN heterostructures 
present a promising platform for the design of energy-efficient, high-speed, high-
power vertical devices incorporating 2-D layered materials with 3-D 
semiconductors.  

5. Characterization of a 2-D/3-D Heterojunction 

5.1 Introduction and Motivation 

In recent years, the exponential growth of research on 2-D materials such as 
graphene, MoS2, and boron nitride (h-BN) has elucidated novel physics and 
devices.43 However, the ability to obtain large-area, high-quality materials presents 
an inherent obstacle to the realization of technologies based on 2-D materials. In 
some cases, 2-D materials have been grown partially aligned on sapphire but 
require subsequent transfer to the substrate of interest, resulting in potential 
contamination issues.44 Avoiding the transfer step, we previously grew MoS2 on  
n-doped GaN via powder vaporization and provided SEM images showing 
evidence of epitaxial alignment45 and others have grown MoS2 on p-doped 
InGaN.46 In these cases, the GaN substrate acts as a template for epitaxial growth 
and as an active element in the 2-D/3-D heterojunction, opening up the possibility 
of vertical electronic and optoelectronic devices.45,47‒49 Here we focus on the 
quantitative structural analysis of a 2-D/3-D heterojunction using Raman and PL 
measurement, cross-sectional transmission electron microscopy (XTEM), density 
functional theory (DFT) calculations, and electrical characterization for MoS2 
grown on n- and p-doped GaN. 

5.2 Raman and PL Measurement 

Raman and PL spectroscopy has been utilized extensively to investigate MoS2 from 
a few molecular layers down to a single-molecular layer (SML).34‒35 Here, we 
provide a very brief review detailing some of the information made available by 
these techniques.  

The Raman spectra are dominated by two characteristic Raman-active modes, 
noted as the in-plane E1

2g and the out-of-plane A1g modes in few layer systems. 
Since there is no center of inversion for a SML of MoS2, E’ and A’1 are used instead 
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of the common E1
2g and A1g notations when reference is made to the SML in this 

work. One of the most distinctive properties of confining the system to fewer layers 
is the redshift of the A1g mode and blueshift of the E1

2g phonon mode with 
decreasing number of layers. The blueshift of the E1

2g peak was shown to be due to 
dielectric screening of the long-range Coulomb interaction,50 while the redshift of 
the A1g mode is in line with the classical picture of a harmonic potential.51 As such, 
the frequency difference between E1

2g and A1g is often used to identify the number 
of MoS2 layers. These two characteristic Raman modes have phonon frequency in 
the SML limit of approximately 385 cm−1 and approximately 405 cm−1, 
respectively. 

Other perturbations can also affect the peak positions of these characteristic phonon 
modes (e.g., strain and doping).52‒53 Work concerning the effect of strain shows that 
the in-plane E1

2g mode is sensitive to strain, while the out-of-plane A1g mode shows 
a weak strain dependence.53 These two modes show distinct doping dependence, 
with the A1g mode decreasing in frequency with increased electron concentration 
and the E1

2g mode showing an overall weak dependence on electron 
concentration.52 This difference is attributed to the stronger coupling to electrons 
of the A1g mode compared with the E1

2g mode. As a final point, recent work by 
Zhou and coworkers demonstrate that a blueshift of the A1g mode is indicative of 
the strength of the vdW contact with the adjacent substrate.36  

The conversion of an indirect gap material to one with a direct gap when the layer 
count is reduced to a SML is one of the most astonishing features of many layered 
vdW materials such as MoS2.54‒55 Reduction to a SML of MoS2 results in 
considerable light emission due to direct exciton recombination at a photon energy 
of approximately 1.8‒1.9 eV. This photon energy is significantly lower than the 
first direct gap due to the existence of a very strong binding energy of the 2-D 
excitons as recently demonstrated by several research groups.56‒58 Two distinct 
peaks in the PL spectra may be observed near this energy range and are due to spin-
orbit-induced splitting of the valence band. The most intense and lowest energy 
feature is known as the “A” exciton peak, whereas the much lower intensity and 
higher energy peak is the “B” exciton. The A-exciton peak is the PL feature of 
interest in this study. It should be noted that the intensity of A-exciton peak can be 
highly variable and is dependent upon the host substrate.37 Furthermore, a 
considerable PL enhancement can result from physisorption of certain molecules 
that act as p-type dopants.59 The energy position and width (FWHM) of this PL 
peak provides useful information related to the layer count, strain-state, and 
structural quality of the 2-D layer. 

Figure 11a–c displays optical, Raman, and PL images taken at a region where small 
triangles have merged into continuous SMLs or layer stacks of two or more 
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molecular layers. This region is chosen to demonstrate the high selectivity of 
Raman and PL dependence on the layer count. Features in the Raman image  
(Fig. 11b) are indicative of increased layer thickness with the greatest intensity 
originating from regions with the largest number of layers. Features in the PL image 
(Fig. 11c) corroborate those observed with Raman with regions of no-growth (black 
regions), SML growth (bright regions), and two or more molecular layers (gray 
regions) easily identifiable.  

 

Fig. 11 a) Optical micrograph, b) Raman image of the A’1 mode intensity, and c) PL image 
of the intensity of “A” exciton peak taken at a region where small triangles have merged into 
continuous SMLs or layer stacks of two or more molecular layers. 

5.3 AFM (Charge Study) 

CAFM, as well as other types of AFM, were used to characterize the MoS2 
structures on GaN. The details on the CAFM and AFM techniques and nanoprobes 
(tips) used are given in Section 4.2. During a CAFM measurement, a CAFM tip 
was grounded and served as the top nano-electrode while the degenerately n-doped 
GaN layer on the substrate was biased and served as the bottom contact to the 
MoS2/GaN stacks, as depicted in the measurement diagram in Fig. 6a. Large-area 
(𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) titanium (Ti)(bottom)/Au pads near the edges of the sample were 
evaporated on the top of the GaN wafer and served as the contacts to the bottom 
electrode, n+GaN. Evaporation of the contacts with shadow masks allowed to avoid 
the contact of the samples with microfabrication chemicals. The Ti/Au contacts 
were non-ohmic but introduced only insignificant (due to large 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≫ 𝐴𝐴𝑐𝑐) 
contact resistance (𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∝ 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−1 ) below 1 kΩ, thus contributing negligible 
uncertainty (<6 μV) to the tip-to-n+GaN bias at the currents measured. 

In CAFM areal imaging, the substrate was biased at a constant voltage and the 
measured current was mapped. Topographical AFM imaging that included phase 
contrast imaging was usually performed over the area selected for the CAFM 
current mapping. A topographic map and corresponding current map of the MoS2 
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structures on GaN substrate are displayed in Fig. 9. The AM-AFM maps of the 
topography and phase contrast are displayed in Fig. 8. Phase contrast images readily 
distinguish MoS2-covered areas from GaN surface. The topographic images display 
a terrace-like structure of the GaN substrate with ultra-thin triangles and blankets 
of MoS2 scattered on the surface. A topographic line scan across a MoS2 triangle is 
shown in Fig. 9a with a vertical step in the place of the triangle just standing out 
from the background noise and consistent with 0.7 ± 0.5 nm height. Second layer 
triangles and higher-order growth can be readily seen in topographic AFM images 
(Fig. 8) due to lower noise level on the MoS2 structures and measure approximately 
0.7 nm per ML. Areal and line CAFM scans at ‒7 V substrate bias shown in  
Fig. 9b display the increase of conductivity on the MoS2 triangles and the uniform 
current level throughout the triangles likely due to the current spreading in the MoS2 
layer. There are obvious fluctuations in the current level outside the triangles and 
on the GaN substrate (Fig. 9b). SEM analysis of the GaN substrate areas in between 
the MoS2 triangles reveals some disordered, nanoscale growth structures in the 
form of clusters of nanoparticles visible only at high magnification. The 
topographic AFM analysis shows that those nascent, disordered growth structures, 
if present, must be generally no more than a MoS2 ML in height. The nature of the 
observed nanoscale growth on GaN is unclear and it may be either a sub-ML of 
MoS2 that later develops into ML MoS2 or another material such as MoOx. We 
speculate that those current fluctuations in the CAFM areal image  
(Fig. 9b) come from the enhancement of the conduction on nanoscale growth 
structures on the GaN substrate. 

I-V spectroscopy at selected points on the sample surface was performed with the 
CAFM tip. Typical measured I-V curves for the MoS2 monolayer and GaN 
substrate are displayed in Fig. 12. The voltage polarity on the graphs in  
Fig. 12 is chosen so that the positive voltage corresponds to the forward Schottky 
bias (i.e., electrons are injected from the semiconductor sample to the conductive 
tip).  
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Fig. 12 Current spectroscopy of the tip/MoS2/GaN and tip/GaN structures with fitting using 
the Eq. 1 

The I-V curves for the point CAFM measurements on both MoS2 and bare GaN 
substrate display rectifying behavior (Fig. 12a) suggesting that interfaces, not the 
bulk, are dominant contributors to the resistance. The similar current range and the 
shape of the MoS2 and GaN curves and the expectation of the nGaN/n+GaN contact 
to be close to ohmic suggest that the I-V behavior is mostly set by the non-ohmic 
contact between the CAFM tip and the sample. The I-V curves on MoS2 locations 
display higher currents and narrower location-to-location variation than the I-V 
curves at the GaN locations. Since the I-V measurements on GaN might be affected 
by the nanoscale growth structures described earlier in this section and that are 
unresolved in the AFM images, we focus our analysis of the I-V spectroscopy on 
the data from MoS2 MLs and show the data from the bare GaN locations only for 
comparison. 

To de-convolute the embedded information on the MoS2/GaN interface, we 
analyzed the I-V curves at forward bias as shown in Fig. 12b and c. At low-bias 
voltages, the current stays at the instrumental threshold level (~10 pA). From the 
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threshold to 0.5 nA, the I-V follows the exponential rise that starts saturating above 
1 nA. The same trend is true for the I-V curves of GaN. The current injection from 
a CAFM tip to a MoS2 multilayer has been successfully described by Giannazzo et 
al. with the model of thermionic emission over the Schottky barrier41: 

 𝑰𝑰 = 𝑨𝑨𝒕𝒕𝒕𝒕𝒕𝒕𝑨𝑨∗𝑻𝑻𝟐𝟐𝒆𝒆
−𝒒𝒒𝜱𝜱𝑩𝑩𝒌𝒌𝒌𝒌 𝒆𝒆

𝒒𝒒(𝑽𝑽−𝑰𝑰𝑰𝑰)
𝒏𝒏𝒏𝒏𝒏𝒏  , (1) 

where V is the applied bias between the tip and the sample, R is the resistance 
contributing to the voltage drop between the back contact to the sample and the tip-
semiconductor interface, 𝐴𝐴𝑡𝑡𝑡𝑡𝑝𝑝 is the tip-sample contact area, 𝐴𝐴∗ = 4𝜋𝜋𝜋𝜋𝑘𝑘2𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒/ℎ3 
is the Richardson constant with 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒  is the effective mass for electrons, h is the 
Planck constant, T = 293 K is the ambient temperature, q is the elementary charge, 
Φ𝐵𝐵 is the height of the Schottky barrier at the tip-semiconductor interface measured 
from the Fermi level in the tip, k is the Boltzmann constant, and n is the ideality 
factor. We employed the formula (Eq. 1) to fit all the I-V curves for MoS2 and GaN 
with 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 ≈ 100 𝑛𝑛𝑚𝑚2,60 the effective masses 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒  of 0.47 𝑚𝑚𝑒𝑒 for ML MoS2,61 and 
0.20 𝑚𝑚𝑒𝑒 for wurtzite GaN. Typical fitting results are displayed in Fig. 12b and c. 
For the low currents (below 0.6 nA) the curves could be fit with a simple exponent 
described with two fitting parameters (Φ𝐵𝐵, n, R=0). At larger currents, the I∙R 
correction needed to be added to account for the discrepancy between the applied 
voltage and the voltage across the tip-semiconductor Schottky barrier. The 
extracted fitting parameters are Φ𝐵𝐵 = 370 meV, n = 38, R = 440 MΩ for MoS2 and 
Φ𝐵𝐵 = 420 meV, n = 25, R = 840 MΩ for GaN. Large ideality factors raise a question 
on the applicability of the thermionic emission model for the tip-semiconductor 
contacts, suggesting that the extracted Schottky barrier heights need to be 
considered with caution. Nevertheless, our value of Φ𝐵𝐵 = 370 meV for the barrier 
between ML MoS2 and a doped diamond tip is not far from the reported  
Φ𝐵𝐵 = 307 meV for the multilayer MoS2 and Pt-coated AFM tip.41 The larger 
resistance R = 840 MΩ for the GaN substrate is likely due to the smaller injection 
area in the top GaN and GaN/n+GaN interface. The value of R = 440 MΩ for MoS2 
includes the contact resistance of the MoS2/GaN interface and is used in the main 
text to estimate the upper bound of the interface’s contact resistivity. 

5.4 SEM/XTEM (Interface Study) 

To understand the nature of the epitaxial MoS2/GaN interface, we performed 
XTEM to extract in-plane lattice constants and characterize the vdW gap. XTEM 
revealed a close lattice match of 1.2% between MoS2 and GaN with the lattice 
constants near their bulk material values, indicating that minimal strain is expected 
in the 2-D/3-D heterostructure. The latter is important for building more-complex 
heterostructures based on these materials in the future.  
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The synthesized MoS2 is observed in the form of triangular domains on n- or p-
GaN (Fig. 13). The epitaxial alignment of MoS2 with the GaN substrate results in 
a high uniformity in the orientation and shape of the 2-D domains (Fig. 13a) unlike 
the typical in-plane randomly oriented MoS2 domains grown on amorphous 
oxides.20 Overall, our MoS2 was observed to be of single ML thickness by Raman 
measurements45 and XTEM (Fig. 13b). The average lateral size of the ML domain 
ranges between 1 and 3 µm depending on the growth run. There is occasional 
bilayer growth and higher-order stacks in the form of smaller triangles on top of the 
average size triangles (Fig. 13b). An interesting domain boundary in the MoS2 ML 
found by XTEM as a 10-nm overlap as shown in the red insert of Fig. 13b. Terraces 
of atomic planes and steps are found in the GaN lattice that are “bridge” by MoS2 
MLs on top. EDX analysis done in-situ XTEM reveals the presence of Mo or S line 
in the surface area where the top isolated plane is visible. The Mo and S presence 
is not found in bulk GaN or on the surface of bare GaN, confirming that the isolated 
atomic plane in Fig. 13b is MoS2. 

 
Fig. 13 MoS2 domains on n-doped GaN. a) SEM image showing MoS2 triangles aligned with 
the GaN lattice. b) Panoramic high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) image showing ML and bilayer MoS2 on GaN and the 
overlapping character of the MoS2 domain boundary. The upper inset shows single-layer 
MoS2 while the lower inset shows a grain boundary in the single-layer MoS2. 

Figure 14 shows XTEM images and corresponding intensity line profiles normal to 
the heterojunctions for Samples A and B at varying distance from the MoS2 ML. 
Figure 14a and b shows ML MoS2/GaN heterojunctions, Fig. 14c shows a bilayer 
MoS2/GaN heterojunction, and Fig. 14d shows a bare GaN surface. In every case, 
where there is MoS2 present, we always see two modified GaN layers of one GaN 
unit cell just below the MoS2. The apparent modification of the top two GaN layers 
under MoS2 could be attributed to partial oxidation62 during the MoS2 growth 
process, or some form of surface reconstruction. A detailed elemental analysis of 
the material composition in the vdW interfacial layer requires novel techniques 
such as time-of-flight secondary ion mass spectrometry (TOF-SIMS)63 or electron 
energy loss spectroscopy (EELS),64 which is beyond the scope of this study. The 
intensity line profiles corresponding to each XTEM image in Fig. 14 clearly show 
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the presence of the modified GaN termination layers, even in Fig. 14a where the 
XTEM image is less conclusive to the eye. The MoS2-GaN molecular layer spacing, 
ΔM-G, can be evaluated in the TEM images as the difference in the peaks 1 and 2 
locations shown in the insert table in Fig. 14a and b (or peaks 2‒3 in Fig. 14c) and 
consists of δ and half-layer thicknesses (θMoS, θGaN): ΔM-G = δ + θMoS/2 + θGaN/2. 
The δ is evaluated from the center-to-center for Ga and S atoms and θGaN is omitted 
in our case for Ga-terminated GaN. The MoS2-GaN spacing is measured with TEM 
in the range ΔM-G = 3.8 to 5.7 Å. The variation of ΔM-G is possibly due to the 
bridging of the MoS2 ML over the GaN terraces or different conditions of the GaN 
termination double layer, which is more pronounced in Fig. 14b than in Fig. 14a. 
That said, we note a ΔM-G = 4.55 Å peak-to-peak distance between the MoS2 and 
the first GaN peak (peaks 2‒3 in Fig 14c). This matches well to a value of 1.5 Å 
for the S-Mo bond distance (θMoS/2) plus δ ~3.1 Å, vdW gap between S and Ga at 
the interface, as predicted by our theoretical calculation (details are provided in  
Section 5.6).  

 
Fig. 14 XTEM images and peak intensity vs. distance from the surface for a) MoS2 ML on 
GaN (Sample A), b) MoS2 ML on GaN (Sample B), c) MoS2 bilayer on GaN (Sample A), and 
d) bare GaN (Sample B). Note: The intensity of the line profiles at each point from the yellow 
boxes in each of the XTEM images are obtained by summing the intensities along the width of 
the box, perpendicular to the line profile direction. 

We use in-plane intensity line profiles (not shown) to extract the in-plane lattice 
constants of MoS2 and GaN. The in-plane line profiles are noisy so we performed 
a fast Fourier transform (FFT) to accurately extract the amplitude versus inverse 
distance. From the FFT, we extract in-plane lattice constants of 3.19 ± 0.13 Å for 
MoS2 and 3.15 ± 0.08 Å for GaN (i.e. a lattice mismatch of 1.2%). The extracted 
lattice constants and mismatch align well with published results on the lattice 
constant a = 3.17 Å of unstrained MoS2

65 as well as our calculations (refer to 
Section 5.6).  
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5.5 Vertical Transport Measurement 

To analyze the electrical properties of the 2-D/3-D heterojunction, the CAFM 
measurements were performed using the setup illustrated in Fig. 15a. The I-V 
characteristics measured by CAFM for MoS2/n-GaN and MoS2/p-GaN vertical 
heterojunctions as well as bare n-GaN and p-GaN are shown in Fig. 15b. In these 
measurements, the CAFM tips are grounded and made of Pt-iridium (Ir), resulting 
in a Pt-Ir/MoS2/GaN stack. The bias is applied to the substrate using a large top 
contact to GaN as justified previously.45 The CAFM electrical measurements on 
MoS2 show clear rectifying behavior in I-Vs for both n- and p-doped GaN 
substrates. The I-Vs for MoS2/n-GaN are nearly exponential with the current 
reduction at large biases due to the ohmic voltage drop.45 The I-Vs for MoS2/p-GaN 
are non-exponential and show higher threshold voltages. 

 

Fig. 15 a) Illustration of heterojunction sample and CAFM measurement. b) Current-
voltage characteristics measured with CAFM for MoS2/n-GaN and MoS2/p-GaN 
heterojunctions and bare n-GaN and p-GaN surfaces. 

The analysis of the I-V data in Fig. 15b for MoS2 on both n-GaN and p-GaN and 
comparison with the measurements on bare GaN substrates provide a better 
understanding of the origin of the rectification behavior. There is a polarity change 
of the rectification when the substrate under MoS2 changes from n-GaN to p-GaN. 
The rectification polarity for the MoS2/n-GaN I-Vs corresponds to either the 
tip/MoS2 Schottky barrier, as argued in the earlier CAFM measurements on 
MoS2,41,45 or tip/n-GaN Schottky barrier as supported in this study. On the other 
hand, the rectification polarity for the MoS2/p-GaN I-Vs coincides with the 
expected polarity in this p-n junction with MoS2 being the n-type semiconductor. 
Similar I-Vs and polarity were recently ascribed to the p-n junction behavior for  
n-MoS2 on p-InGaN.46 However, consideration of the I-V data for several tip-
semiconductor cases in Fig. 15b indicates that the tip-GaN contact behavior 
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governs the electrical transport rather than the MoS2/GaN p-n junction. If the 
rectifying behavior for MoS2/n-GaN is due to the tip-MoS2 Schottky barrier, then 
this barrier should be present in the MoS2/p-GaN I-V curves, which would zero the 
I-V at positive bias, which is not observed in Fig. 15b. In addition, the I-V curves 
for bare GaN resemble the I-V curves for the MoS2/GaN heterojunction in polarity 
and shape. This data can be reconciled if we assume that the I-V curves are 
governed by the tip-GaN junction, which is modified by the presence of a MoS2 
monolayer. These results are important to consider when building vertical p-n 
junction heterostructures involving 2-D crystals as illustrated with the variation of 
I-V interpretations mentioned previously. The 2-D semiconductor components 
below a certain thickness in vertical bipolar heterojunctions might be electronically 
transparent and introduce only superficial changes to the electron transport instead 
of acting as independent semiconductor components. 

5.6 Theoretical Verification 

5.6.1 Models and Methods 

To elucidate our experimental observations on the 2-D/3-D heterojunction, we 
calculated interface properties using DFT with the projector augmented wave 
(PAW) method66 as implemented in the Vienna Ab-Initio Simulation Package 
(VASP) code.67 The structure optimization, total energy, and electronic structure 
calculations were performed using the generalized gradient approximation (GGA) 
parameterized by Perdew‒Burke and Ernzerhof (PBE).68 A plane-wave basis 
kinetic energy cutoff of 500 and 300 eV were used and tested to reach convergence 
for the lattice properties of bulk GaN and MoS2, respectively. A Γ-centered 
Mokhorst‒Pack Brillouin zone (BZ) integration scheme was adopted to integrate 
over the BZ.69 The lattice parameters were optimized individually for bulk MoS2 
and wurtzite GaN. The semi-empirical DFT-D2 dispersion correction of Grimme 
was implemented to include the vdW interactions in the Kohn–Sham energies.70 
The forces were calculated using the Hellmann‒Feynman procedure and 
geometries were optimized using a conjugated gradient (CG) scheme. The atomic 
coordinates were optimized in all directions with a convergence criterion of  
0.001 eV Å−1 for the atomic forces. The optimized bulk MoS2 lattice constants are 
a = b = 3.19 Å and c = 12.33 Å, and bulk GaN lattice constants are a = b = 3.22 Å 
and c = 5.25 Å. These values are in agreement with experimental data for MoS2:  
a = b = 3.169 Å and c = 12.324 Å,65 and GaN: a = 3.189 Å and c = 5.185 Å.71  

Using the optimized lattice parameters from our bulk calculations, a single-layer 
MoS2 (1L-MoS2) and GaN (0001) surface (s-GaN) was constructed (Fig. 16), prior 
to forming 1L-MoS2/s-GaN supercells (see Fig. 18). For both the systems, a 
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vacuum spacing of 20 Å was added along the z-axis to minimize spurious 
interactions with the central cell and its periodic images. 

 

Fig. 16 a) Bulk GaN and b) MoS2 unit cells. Numeric values along the axes represent the 
optimized lattice parameters obtained from simulation. 

To maintain a balance between accuracy and computational cost, a critical surface 
thickness that preserves bulk-like features was identified by varying the surface 
thickness in the out-of-plane direction (along z) while maintaining the periodicity 
of the in-plane directions (along x and y) and comparing the electronic properties, 
such as energy gap and edge states, to those of the bulk. The calibration models 
used in this study are illustrated in Fig. 17.  

 

Fig. 17 Example GaN (0001)-surface models considered in the method calibration 

The six Ga-N bilayers (~15 Å) were found to be a suitable representation for the 
bulk-like GaN surface. To simulate the laterally contracted Ga bilayer structure 
under Ga-rich conditions, and also allow surface relaxation, a Ga- surface 
consisting of a (2 × 2 × 6) supercell (Fig. 17b) with the in-plane and out-of-plane 
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lattice constants of 6.4397 and 14.984 Å, respectively, was modeled where two Ga 
atoms were present in the outer laterally contracted overlayer for every one atom in 
the underlying layer resulting in a Ga-terminated surface. The dangling bonds at 
the N-terminated bottom layer were passivated by pseudo-H atoms with a charge 
of 0.75e in order to prevent an unphysical charge transfer between the top and the 
bottom slab surfaces. The upper three bilayers of s-GaN (0001) were allowed to 
relax, while the bottom three bilayers and saturating H atoms were fixed to mimic 
the bulk substrate. A vacuum spacing of 20 Å was added along the z-axis for all the 
structures to minimize spurious interaction due to periodicity. 

5.6.2 Structural Properties 

The focus of the structural properties study is to evaluate 2-D layer registry on 3-D 
system. Since the interface is epitaxial type, the growth of 2-D materials is governed 
by the weak vdW force. This force is also responsible for interlayer sliding and 
twisting between 2-D layer and 3-D surface at the 2-D/3-D heterojunction. To 
verify the structural registry between MoS2 layer and GaN surface, we have 
systematically modulated the distance between MoS2 layer and GaN surface, while 
varying the registry between them. Since the strain between MoS2 and  
Ga-terminated GaN (0001) surface is minimal, there are mainly three different 
registry configurations: a) “Ga-top” (AB-like), b) “bridge”, and c) “N-top” (AA-
like). The top and side view of these configurations are illustrated in Fig. 18. 

 

Fig. 18 Out-of-plane registries between MoS2 and GaN (0001) surface. a) “Ga-top” 
configuration, b) “bridge” configuration, and c) “N-top” configuration. Dotted (red) lines 
indicate vertical registries between S atoms and atoms in GaN (0001) surface. 
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In the “Ga-top” configuration, the bottom S atoms in MoS2 layer sit directly on top 
of the surface Ga atoms in the GaN (0001) surface as illustrated in Fig. 18a. As can 
been seen in the side view, because of the lack of intralayer symmetry, the top S 
atoms are not perfectly aligned with the bottom S atoms. In the case of the “bridge” 
configuration, the bottom S atoms in MoS2 layer sit in between the surface Ga 
atoms and N atoms in the GaN (0001) surface as shown in Fig. 18b. The third and 
final configuration is “N-top” configuration, which is illustrated in Fig. 18c. In this 
configuration, the bottom S atoms in the MoS2 layer sit directly on top of the surface 
N atoms in the GaN (0001) surface. Due to the hexagonal rotational symmetry of 
the interface between the MoS2 layer and GaN (0001) surface, the “N-top” 
configuration is analogous to the in-plane rotation of MoS2 in the “Ga-top” 
configuration by 60°. After establishing the possible registry configurations 
between the MoS2 layer and GaN (0001) surface, we then calculate and compare 
total energies of these configurations and identify the stable configuration with the 
minimal total energies. Since the total number and type of atoms in these 
configurations remain constant, this approach of comparing total energies in lieu of 
binding energies is justifiable. The total energies for all three configurations at 
varying interlayer vdW distance (dvdW) are illustrated in Fig. 19. 

 

Fig. 19 Total energies for varying vdW distance (dvdW) between MoS2 on GaN (0001) surface 
for “Ga-top” (black), “bridge” (red), and “N-top” (blue) configurations. Insets illustrate top-
down views of these registry configurations. 

The “Ga-top” configurations, over the considered vdW distances, have smaller total 
energies as compared to “bridge” and “N-top” configurations, as can be inferred 
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from the Fig. 19. Qualitatively, the total energy difference between the “Ga-top” 
and “bridge” configurations fluctuates between 5 and 8 meV. Similarly, the 
difference in per atom total energy between the “bridge” and “N-top” 
configurations varies between 4 to 8 meV throughout the considered vdW 
distances. Since the chemical composition in each of these configurations remains 
constant throughout the physical translation from “Ga-top” to “N-top” 
configuration, the energy contribution to that leads to the variation in the total 
energy mainly comes from the vdW force (energy) between surface S and Ga 
atoms. The MoS2 layer encounters identical potential energy surface (PES) barriers 
while transitioning from “Ga-top” to “bridge” and “bridge” to “N-top” 
configuration on the GaN (0001) surface. This correlates well with the equidistant 
physical translation undergone by the MoS2 layer while transitioning from the “Ga-
top” to “bridge”, and finally, to the “N-top” configuration. This is an indication that 
the out-of-plane registry of MoS2 on GaN substrate is mainly governed by the vdW-
force between MoS2 layer and GaN surface. As stated earlier, due to the hexagonal 
symmetry, the “N-top” configuration is thermodynamically similar to the “Ga-top” 
configuration when the MoS2 layer is rotated by 60° on the GaN surface. The net 
per atom total energy difference of approximately 20 meV between “Ga-top” and 
“N-top” configuration stipulates the possibility of orientation dependent growth of 
MoS2 on GaN substrate. 

In conclusion, the “Ga-top” configuration in the MoS2/GaN (0001) heterostructure 
is relatively stable and energetically favorable than the “bridge” and “N-top” 
configuration, which is consistent with our findings on the interface properties of 
single layer MoS2/ GaN heterostructure using Raman and XTEM studies.  

To validate and verify the vdW distance between the MoS2 layer and GaN substrate 
extracted from the XTEM measurements (see Fig. 14), we further analyzed the 
minimal per atom total energy and corresponding vdW distance (dvdW) for all the 
configurations. The dvdW at which the total energy is minimum represents the 
optimized distance between MoS2 layer and GaN (0001) surface, which is 
analogous to MoS2-GaN molecular layer spacing, ΔM-G, evaluated using the TEM 
images and the difference in the peaks 1 and 2 locations observed in the line profile 
of the XTEM measurement (refer to Section 5.4). During the layer-by-layer 
epitaxial growth of asymmetrical layers, the structural parameters such as lateral 
spacing and alignment between the layers are mainly defined by the repulsion 
between the interface atoms mainly caused by the vdW force between interface 
atoms and their cumulative covalent radii. In our MoS2/GaN (0001) 
heterostructures, S, Ga, and N atoms are the interface atoms with atomic radii of 
1.05, 1.22, and 0.71 Å, respectively. Since the sum of radii between S and Ga atoms 
is higher than the S and N atoms, dvdW for the “Ga-top” configuration is expected 
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to be higher than the “N-top” configuration. As can be seen in Fig. 19, the dvdW 
value is slightly larger for the “Ga-top” configuration, as compared to the “bridge” 
and “N-top” configurations. The quantitative values of dvdW for “N-top”, “bridge”, 
and “Ga-top” configurations are 3.1, 3.13, and 3.14 Å, respectively. In conclusion, 
the larger dvdW, due to the smaller repulsive forces between the interface atoms, 
between MoS2 and GaN (0001) in the “Ga-top” configuration contributes to the 
stable MoS2/GaN (0001) heterostructure, which is consistent with the results from 
the total energy calculation and experimental observations.  

5.6.3 Electronic Properties 

For the electronic structure calculations, a 6 × 6 × 1 k-mesh was used for both the 
monolayer MoS2 and s-GaN (0001) structures. The k-mesh was reduced to a 
converged 3 × 3 × 1 grid for the s-GaN and SL-MoS2/s-GaN supercell. Similarly, 
the energy cut-off for the plane wave basis was increased to 500 eV for the supercell 
calculations. The structure optimization parameters were similar to the bulk 
calculations mentioned previously. For the electronic properties, we have employed 
both the GGA with PBE and hybrid functional (HSE06) methods.  

To verify the accuracy of designed models and adapted methods in our MoS2/GaN 
heterostructure system, we perform electronic structure calculations for the well-
established systems such as bulk MoS2, single layer MoS2, bulk GaN and surface 
GaN. The resultant electronic structures from are calculations are presented in  
Figs. 20 and 21. The band structure is plotted along the G-M-K-G BZ path as 
illustrated in the inset of Fig. 20a.  

 

Fig. 20 Band structures of a) bulk MoS2, and b) SML MoS2. The number values represent 
fundamental energy gaps.  
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Fig. 21 Band structures of a) bulk GaN, and b) bottom passivated GaN (0001) surface,  
c) top and bottom passivated GaN (0001) surface with PBE level of theory, and d) similar to 
c) but with HSE06 level of theory. The number values represent fundamental energy gaps.  

As can be seen in Fig. 20, the electronic structures of MoS2 exhibit indirect to direct 
gap transition while going from bulk to the single layer system. The HSE06 
functional, which incorporates electron-electron correlation, predicts values of 1.2 
and 1.88 eV for the bulk and single-layer MoS2, respectively, and these values are 
consistent with the published experimental as well as theoretical data. The indirect-
to-direct transition of electronic structure is a consequence of the valence band 
(VB) sensitivity toward the interlayer vdW coupling between the layers. This is an 
indication that the interaction between MoS2 and GaN in MoS2/GaN (0001) 
heterostructure will influence the properties of single layer MoS2 more than the 
GaN (0001).  

The charge and electronics structure modeling of wurtzite (0001) surfaces like GaN 
(0001) surface require special convergence test on the lattice parameters, and type 
and thickness of the surface model because of their polar surfaces. Here, we 
calculated the electronic properties of bulk GaN using the optimized lattice 
parameters and plotted in Fig. 21a. The predicted fundamental bulk GaN energy 
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gaps of 1.8 and 3.35 eV, with PBE and HSE06, respectively, are consistent with 
earlier publications. Following the bulk energy gap calculations, we performed 
electronic calculations for partially passivated and fully passivated GaN (0001) 
surfaces. As evident from the Fig. 21b, in the bottom passivated GaN (0001) surface 
exhibits semi-metallic characteristics. The dispersive surface states originates from 
the dangling Ga-N pair on the unpassivated side of the surface and extends 
throughout the BZ. Nevertheless, the complete passivation of GaN (0001) surfaces 
leads to the electronic phase transition from semi-metallic to semi-conducting 
system, irrespective of method or functional of choice. The HSE06 functional 
results in shifting of CBE toward the higher value.  

Since the goal of our surface modeling is to identify the thickness and passivation 
mechanism that mimics the bulk-like GaN system to form experimentally observed 
surface, we compare the feature of the electronic structure and quantitative values 
of the energy gap between the bulk and surface models. Beside the degenerate and 
folded bands, as a consequence of a large number of atoms in the surface supercell, 
the dispersive characteristics of bands in the bulk GaN and fully passivated GaN 
(0001) surface are similar (Fig. 21c and d). The energy gap in fully passivated GaN 
(0001) surface is 2.3 eV, approximately 1 eV less than the bulk energy gap. The 
reduction in the energy gap is mainly due to finite thickness of the surface model. 
The contribution to the CBE states in the fully passivated GaN (0001) surface 
originates from the outer surface layers. The energy gap due to the inner bulk-like 
atoms is 3 eV. The Δ (E) = 0.7 eV between the surface and bulk CB states is 
analogous to the surface induced band bending observed in the similar systems in 
our in-house Kelvin Probe (KP) experiment. Though the quantitative value of the 
bulk energy gap in the fully passivated GaN (0001) surface is less than the bulk 
energy gap, it can be tuned using exchange-correlation parameter and thicker 
surface model, which is outside the scope of this study.  

We have also analyzed the work-function ϕ, defined as the energy difference 
between the Fermi-level and vacuum energy level, of the GaN (0001) system. The 
vacuum level in GaN (0001) is determined by integrating self-consistent charge in 
the out-of-plane direction. The extracted ϕ for GaN (0001) surface is 4.21 eV, 
which is consistent with the recent experimental observation (4.20 eV) by Schultz 
et al.72 Since the overall characteristics of the surface band structure resemble to 
that of the bulk system and our aim is to provide a qualitative analysis and support 
to the experimentally observed electronic properties, the fully passivated GaN 
(0001) surface models are utilized in our MoS2/GaN (0001) heterostructure 
simulations.  

After the verification of methods and models through electronic structure 
calculation of constituent systems in MoS2/GaN (0001) heterostructure, we have 
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conducted a detailed electronic structure calculations and analyzed orbital 
characteristics of the heterostructure. The resultant band structure is illustrated in 
Fig. 22. The inset represents the atomistic model of Ga-top MoS2/GaN (0001) 
heterostructure with dvdW = 3.14 Å, which is identified as the most stable 
configuration in the previous section.  

 

Fig. 22 Band structure of MoS2/GaN (0001) surface with PBE level of theory. The number 
values represent fundamental energy gaps.  

The calculated direct energy gap (Ed
gap) at Γ-point for MoS2/GaN (0001) is 0.46 eV 

and indirect energy gap (Ei
gap) between K and Γ-points in the BZ is 1.21 eV, at the 

PBE level of theory. The energy difference between Ei
gap and Ed

gap is 0.75 eV. If 
we ignore the surface states and consider the bulk-like states in the GaN (0001), the 
resultant Ed

gap is around 1.2 eV. Even though the PBE level of theory underpredicts 
the fundamental energy gap, it does correctly predicts overall features of the band 
structure. One way to circumvent this issue is to add a computationally intensive 
HSE06 hybrid level of theory, which includes electron‒electron interactions to the 
self-consistent energy and increases the fundamental gap of the system, while the 
overall features of the band structure remains same. This is also confirmed by our 
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single layer MoS2 band structures presented in the Fig. 20. The HSE06 predicted 
bandgap, ignoring the surface states, is 1.86 eV. 

In the vertical HBT devices, the current across the base 2-D material sandwiched 
between 3-D layers (see Fig. 14) is defined by the charge transfer due to the 
interlayer coupling between the 2- and 3-D layers. At the atomistic scale, the charge 
transfer between the layers is characterized by the degree of electronic states 
hybridization between them. To analyze the charge transfer process, we have 
analyzed the atomistic projected density of states of the MoS2/GaN (0001) 
heterostructure. A closer look at the projected density of states reveals that the 
valence band edge (VBE) energy states are mainly consist of Mo and S states from 
the MoS2 layer, with weak hybridization with the surface Ga and N states. On the 
contrary, surface Ga and N states from the GaN (0001) surface dominate the 
conduction band edge (CBE) energy states. As can be seen in the Fig. 22, the states 
around the K point in the BZ are composed of states from MoS2 layers and the 
dispersion resembles that of a single MoS2. The unperturbed nature of the states 
suggest for an asymmetric hybridization of the energy states across the BZ in 
MoS2/GaN (0001) heterostructure. This is also an indication that the electronic 
properties of the MoS2/GaN (0001) heterostructure can be modulated by 
modulating structural and electronic properties of the MoS2 layer alone.  

On a passing note, there is a common consensus in the research community about 
the low-quality GaN surface due to the dangling bonds and resultant structural 
relaxation. Many experimental as well as theoretical attempts have been made to 
identify a suitable passivation mechanism to mitigate this issue. Motivated by this, 
we have also calculated electronic properties of MoS2/unpassivated GaN (0001) 
heterostructure. One key finding from our study is that the presence of MoS2 layer 
on the unpassivated GaN (0001) surface minimizes the surface states within the 
bandgap, suggesting the use of 2-D materials as an alternative passivating layer to 
GaN surface.  

In addition to the detailed analysis of electronic properties, we have made an 
attempt to establish a correlation between the calculated electronics properties to 
that of observed threshold voltage shift and decrease in on current observed in or 
experiment mainly due to charge migration from the MoS2 layer to GaN surface. In 
our experiment, for both types of GaN layers, the insertion of the MoS2 layer 
reduces the magnitude of the turn-on voltage, which is especially pronounced for 
the MoS2/n-GaN case. In order to understand how the single MoS2 layer modifies 
the electrical properties of the PtIr/n-GaN junction, we performed a DFT 
calculation of the work function and conduction and valence band offsets of the 
MoS2/GaN (0001) heterostructure as well as the bulk Pt and GaN (0001) surface, 
using the methods and parameters described earlier in the method section. The 
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theoretical band-alignment between the metal, GaN, MoS2 and MoS2/GaN systems 
is presented in Fig. 23. The band offsets between bands on these systems are 
determined by aligning their vacuum levels to zero energy. 

 

Fig. 23 DFT-calculated band alignment of Pt (111) surface, bulk GaN (0001) surface, single 
layer MoS2, and MoS2/GaN (0001) heterostructure 

For the electronic transport across the metal-semiconductor (MS) heterojunction, 
the energy offset, known as Schottky barriers heights (SBHs), presents itself as an 
energy barrier that leads to rectifying behavior between the metal and the 
semiconductor. Since the vertical current flow across the MS interface depends 
exponentially on the magnitude of the SBH at the applied voltages, the SBH is 
clearly the crucial property of MS interface that determines its electrical 
characteristics.73 In our case, the n-type (p-type) SBHs between the Pt and single 
layer MoS2 is determined by determining energy difference between the Fermi level 
of Pt and CBE (VBE) of the MoS2 layer, a method commonly known as Schottky‒
Mott approximation. Quantitatively, the n- and p-type SBHs, when Pt metal is used 
as the contact on the single layer MoS2, are predicted to be 0.84 and 1.09 eV, 
respectively. Though the n-type SBH is lower than the experimentally predicted 
value of 1.7 ± 0.5 eV,74 it is consistent with the previously published theoretical 
value (0.84 eV) using the similar approach.75 The SBHs for the bulk-like GaN 
(0001) surface are 3 eV (n-type) and 0.4 eV (p-type).  

The bandgap 1.86 eV of MoS2/GaN (0001) heterostructures is found to be close to 
that of the single-layer MoS2. Moreover, because of the ultra-thin dimension of the 
MoS2 layer in the MoS2/GaN (0001) heterostructure, it will be susceptible to 
increased electron tunneling and larger currents. The difference in the electron 
affinity of 0.2 eV between the MoS2/GaN (0001) and bulk-GaN contributes to the 
formation of a secondary barrier, where MoS2/GaN (0001) forms a graded junction. 
Hence, the reduction of the SBH and the formation of a secondary potential barrier 
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due to the introduction of single layer MoS2 collectively contribute to the overall 
increase in the current and reduce the turn-on voltages as observed in Fig. 13b. 
Small thickness of the interfacial MoS2/GaN (0001) layer must be the reason of the 
similarity of the I-V curves with and without single layer MoS2 especially for the 
case of p-GaN where the electrical data indicate no apparent p-n junction. Though 
the simple band alignment of the individual components in the heterostructure 
results in the qualitative agreement, the quantitative determination of SBH values 
requires electronic calculation of computationally demanding, lattice-matched 
metal/2-D heterostructures. 

5.7 Summary 

In conclusion, we performed XTEM of monolayer MoS2 on GaN vertical 
heterojunctions that were grown by the powder vaporization technique. The 
extracted in-plane lattice constants of GaN and MoS2 were similar to that of bulk 
unstrained values, indicating an epitaxial, nearly lattice-matched growth of MoS2 

on GaN. We have performed systematic theoretical study of GaN (0001) surfaces, 
single layer and bulk MoS2, and MoS2/GaN (0001) heterostructure, while making 
an attempt to correlated theoretically observed structural and electronics properties 
with the experimentally characterized structural and electrical data. The 
theoretically predicted lattice parameters for the single layer MoS2, bulk GaN and 
MoS2/GaN (0001) heterostructure are consistent with the STEM and XTEM data 
from the experiment. Most notably, the predicted vdW gap of 3.14 Å between the 
single layer MoS2 and GaN (0001) surface in the MoS2/GaN (0001) was within the 
experimental error margin range (i.e., 3.1 ± 0.5 Å between GaN and monolayer 
MoS2 that we extracted from XTEM images). We used CAFM to measure vertical 
current across the MoS2/n-GaN and MoS2/p-GaN heterojunctions and observed 
rectification of the current in both cases as well as a switch of the polarity of the 
rectification for n- and p-doped GaN. There is a larger turn-on voltage shift due to 
the insertion of MoS2 for the n-GaN case that may be explained by Schottky barrier 
lowering and the formation of a graded junction. Similarly, the predicted electronic 
properties for the MoS2/GaN (0001) heterostructure provide insight into the shift in 
the Vth and turn-on current in the AFM measurement. Despite the fact that an 
unperturbed single layer MoS2 is distinctly observed on the GaN surface by XTEM, 
our electrical measurements and theoretical analysis indicate that the ML does not 
demonstrate bulk semiconductor properties and can be viewed as a modified 
nanoscale interface in the vertical metal/GaN junction. This may open up new 
possibilities for the engineering 2-D/3-D heterojunction for the future technologies. 
This work stipulates that multiple 2-D layers will be required for the construction 
of the proposed vertical bipolar device. 



 

42 

6. Epitaxial Growth of Metal on a 2-D Material/3-D Substrate 

6.1 Introduction and Motivation 

Vertical devices based on 2-D semiconductor heterostructures are of interest since 
they promise high-speed and large-power performance due to short current paths 
and large current cross sections.45 The integration of novel 2-D semiconductors 
with established conventional materials in 2-D/3-D heterostructures has the 
potential to take advantage of both the unique properties of atomically sharp 2-D 
crystals and time-tested, mainstream 3-D materials.76 MoS2 and GaN are suitable 
candidates for 2-D/3-D heterostructures. MoS2 is one of the most studied 2-D 
semiconductors since it is chemically stable and has desirable electronic and optical 
properties including an energy bandgap of 1.3 to 2.2 eV depending on the layer 
count.77‒78 Suitable bandgaps and small mismatch in electron affinities of MoS2 and 
GaN make it possible to envision their function in a vertical HBT. In this case, an 
ultrathin 2-D base would provide for short minority carrier diffusion times and thus 
fast performance.79‒80 GaN is an important semiconductor for high-speed and 
power devices, and is currently used in wireless communications, radars, guided 
missiles, and electronic warfare system.81 Matching in-plane lattice constants and 
similar thermal expansion coefficients of MoS2 and GaN promise low-defect 
epitaxial alignment between the two materials that is preserved upon the cooling of 
the sample from the growth to room temperature.45,82 The epitaxial nature of the 
growth of MoS2 on GaN is important for the study of the vertical transport since 
the registry of the lattices of the two materials will provide an ordered, intimate, 
and reproducible interface desired for the low-scattering vertical charge transport. 

There has been interest in the scientific community in MoS2/GaN heterostructures 
as a model 2-D/3-D platform with a potential for applications in electronics 
technology. Lee et al.83 have demonstrated that a multilayer stack of p-MoS2 grown 
by CVD and transferred onto an n-GaN substrate works as a bipolar semiconductor 
diode with high degree of rectification. Concurrently, epitaxial 1L-MoS2 domains 
on n-doped GaN were grown by powder vaporization and electrical properties of 
such as-grown vertical 2-D/3-D heterojunctions were tested with CAFM.45 The 
close lattice match of GaN and some 2-D transition metal dichalcogenides inspired 
using MoS2 as a near-lattice-matched substrate for nitride growth.24 Growing GaN 
on top of a 2-D structure is very relevant for the development of a vertical  
3-D/2-D/3-D heterostructure system, such as an HBT, where the emitter layer of 
GaN would be needed to be grown on the 2-D layer. Along this direction, Tangi et 
al.84 performed successful growth of GaN on top of 1L-MoS2 when GaN was grown 
by MBE and 1L-MoS2 was CVD-grown on sapphire. Soon thereafter, MoS2/GaN 
Esaki tunnel diodes capable of large current density were fabricated with 
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transferred multilayer p+ MoS2 on n+ GaN grown by MBE.85 In our recent work, 
the nanostructure of the heterojunction of epitaxial monolayer and bilayer MoS2 on 
n-GaN was analyzed with TEM and good monolayer quality and close in-plane 
lattice match of MoS2 and GaN were established.84 Electrical characterization with 
CAFM of epitaxial 1L-MoS2 grown directly on both n- and p-doped GaN and the 
comparison of the I-Vs with bare GaN response for each type of doping were made. 
A switch of the rectification polarity depending on the GaN substrate doping was 
found. The consideration as a whole of the electrical behavior of several different 
tip-semiconductor combinations indicated that the charge transport across the 
CAFM-tip/1L-MoS2/GaN interface was dominated by the character of the tip/GaN 
interface implying the 2-D monolayer was electronically semi-transparent.84 A 
couple of years ago, Henck et al.86 investigated the electronic band structure of  
1L-MoS2/p-GaN heterostructure using angle resolved photoemission spectroscopy 
and high resolution XPS. The 0.32-eV shift of the valence band in GaN toward the 
Fermi level was observed after the addition of the 1L-MoS2 to the surface, 
indicating the reduction of band bending in the 2-D/3-D heterostructure. We find a 
similar trend in our work as detailed in Section 6.3. Recently, successful CVD 
growth of epitaxial 1L-MoS2 on GaN was reported by other groups and interesting 
electron-phonon interaction effects were seen in their PL data.87  

The objective of this study is to explore how 2-D semiconductors can be integrated 
with conventional components of RF electronic devices such as III-V 
semiconductors and metals. To this end, a 2-D semiconductor is chosen in the form 
of SML thickness as the most basic case and to emphasize the novel effects that 
might arise due to the unique properties of 2-D materials, such as ultra-thin 
dimensions. We fabricate epitaxial Au/2-D/3-D and Au/3-D semiconductor 
heterostructures in a similar process and analyze their properties.  

The first question that we explore is whether the 2-D monolayer remains a distinct 
unperturbed component inside the heterostructure rather than alloys with the 
neighbor material layers or is disrupted by the physical and chemical interactions 
during the fabrication process. This issue is especially critical for a device of a 
vertical charge transport geometry. We address this question with cross-sectional 
TEM imaging of Au/1L-MoS2/GaN and Au/GaN heterojunctions and obtain 
quantitative nanostructural information on the heterojunctions supported with first 
principles DFT calculations.  

Our next test investigates the effect of the 2-D ML on the electrical properties of 
the host Au/3-D heterojunction. The I-V characteristics are measured with 
nanoprobes inside an SEM and a comparison of the electrical properties of the 
heterojunctions is made. Interestingly, the 2-D ML appears as a distinct layer in 
TEM images but behaves as an electronically semitransparent component inside 
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Au/3-D heterojunctions. An analysis of the I-V data was employed to draw band 
alignment diagrams of the heterojunctions. Finally, our first principles calculations, 
which are validated with the agreement with the TEM data, provide further insight 
into the physics of these heterojunctions. The calculations of the atom-projected 
density of states of Au/1L-MoS2/GaN elucidate how the energy band of the 
interface states is formed inside the band gaps of MoS2 and GaN. These calculated 
gap states support the presence of Fermi level pinning effect deduced from the 
electrical data.  

Furthermore, we address the notorious question on how the charge depletion 
regions in a bipolar 2-D/3-D junction can form when its 2-D component is thinner 
than a typical depletion width in a conventional bipolar junction under zero bias. 
To do so, we calculate the nanoscale charge density distribution in the Au/1L-
MoS2/GaN heterojunction and show that the depletion region extends beyond the 
2-D layer into the vdW gaps and that the charge exchange mainly occurs across the 
MoS2/Au interface while the GaN layer is effectively screened by the larger vdW 
gap. The results of this study improve the understanding of the interaction of 2-D 
crystals with the components of traditional electronic devices, which is important 
for developing successful vertical 2-D/3-D heterostructure devices. 

6.2 Methods 

6.2.1 2-D Semiconductor Growth 

The domains of MoS2 were grown on GaN substrates by a powder vaporization 
method, which has been described previously.45 Briefly, MoO3 is placed in the 
center of a single zone furnace along with the GaN substrate, and S powder is placed 
approximately 12 inches upstream of the MoO3 crucible. The growth occurs in 
ultra-pure argon at 800 °C and 710 Torr for 15 min, with the S heated separately by 
a heat tape at 130 °C. The GaN substrates were purchased from NTT-AT* and 
consisted of a GaN film that was grown epitaxially by MOCVD on c-plane sapphire 
substrates. The GaN film is of 1.2 μm thickness and is p-doped with Mg dopants of 
1019 cm‒3 concentration. The resultant free-hole carrier density of p-GaN is  
p ≈ 1017 cm‒3 as confirmed by NTT-AT. 

  

                                                
*Disclaimer: Certain commercial equipment, instruments, or materials are identified in this document. Such 
identification does not imply recommendation or endorsement by the National Institute of Standards and 
Technology, nor does it imply that the products identified are necessarily the best available for the purpose. 
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6.2.2 Gold Nanocontacts  

Au nanocontacts on MoS2/GaN samples were fabricated by electron beam 
lithography and PVD. The arrays of circular nanodots of 600- and 400-nm diameter 
were patterned in poly(methyl methacrylate) (PMMA) resist using a 100-kV beam 
with a dosage of approximately 850 to 1,000 µC/cm2 using a Vistec EBPG5000+ES 
electron beam lithography (EBL) system. The dosed sample was then developed 
using a 1:2.5 ratio of methyl isobutyl ketone (MIBK) to isopropyl alcohol (IPA) 
followed by an IPA rinse. No descum or any other plasma clean was used to prevent 
ion damage to the 2-D MLs. The deposition of a 60-nm Au layer was achieved in 
an e-beam evaporator (CHA Industries) at room temperature with a chamber 
pressure of 1 µTorr and a deposition rate of 2 Å/s. Lift-off was performed in an 
acetone bath for 4 h at room temperature. 

6.2.3 TEM Sample Preparation  

This was done using a FEI Helios NanoLab 660 dual-beam focused ion beam (FIB) 
and SEM system equipped with focused electron and ion beam induced deposition 
(EBID and IBID) capabilities. The focused EBID (or IBID) allows deposition of Pt 
or carbon (C) in the areas patterned by the SEM electron beam (or FIB) with the 
help of a precursor gas injection system. A region of interest was in situ capped 
with C and Pt protection layers using EBID and IBID. A lamella slice containing 
an Au/MoS2/GaN interface was ion milled with the FIB and extracted using an 
Oxford Omniprobe 300 manipulator and Pt welds by EBID. The lamella was EBID-
welded to a TEM copper grid and consequently thinned by FIB to electron 
transparency. 

6.2.4 Scanning Transmission Electron Microscopy 

This was carried out using a spherical-aberration corrected FEI Titan 80-300 
operating with a primary beam energy of 300 keV. HAADF images were collected 
using a detector inner collection angle of 70 mrad. The convergence angle of  
13 mrads was achieved with a 40-µm probe forming aperture. Additionally, XEDS 
was carried out using a probe current of 0.3 nA and a side-entry Si drift detector. 
Structural characterization was performed using electron nanobeam diffraction 
using a primary beam energy of 300 keV in a spherical aberration-corrected STEM. 
The convergence angle of approximately 3 mrad was achieved with an aperture size 
of 10 µm. The probe was positioned on the area of interest using the scan coils of 
the STEM and the resulting convergent-beam electron diffraction (CBED) pattern 
was collected using a charge-coupled device (CCD) camera. The scales in the TEM 
line profile graphs were calibrated to the c lattice constant of GaN assuming its bulk 
value 𝑐𝑐 = 5.185 Å based on our independent measurements and the literature.88  
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6.2.5 Electrical Measurements  

These were performed inside a field emission SEM from Zeiss where the Au 
nanocontacts were accessed with Kleindiek Nanotechnik piezo-actuated 
nanomanipulators. Circular Au nanocontacts and MoS2 monolayer domains were 
appraised with SEM. The selected nanocontacts were contacted with W nanoprobe 
of tip radius 150 nm and I-V characteristics were measured with a Keithley 238 
programmable source-measure unit. Generally, no noticeable damage was observed 
on the Au nanocontacts after tungsten (W) nanoprobe contact. The bottom contact 
to the MoS2/p-GaN heterojunctions was enabled with large Ti/Au top contacts to 
p-GaN as warranted previously.44,84  

6.2.6 Kelvin Probe Measurement  

This was performed at room temperature in air on a Kelvin probe system by KP 
Technology Ltd. The stainless steel tip radius is approximately 2 mm. The 
measurement was performed in an enclosed dark chamber with no background 
illumination. A Au contact on the sample served as a calibration material. 

6.3 Results and Discussion 

MoS2 domains were grown on p-GaN substrates (c-plane GaN, thickness  
th = 1.2 μm, free-hole density p ≈ 1017 cm-3; host substrate, c-plane sapphire,  
th = 0.5 mm) by powder vaporization as described in Section 6.2 and elsewhere.45 
Our XPS studies indicate that the as-grown MoS2 is an n-type semiconductor.89 
Thus the synthesized MoS2/p-GaN heterojunctions represent a case of a 2-D/3-D 
np-structure. The as-grown MoS2 domains on p-GaN substrates underwent 
thorough structural characterization with SEM, AFM, XPS, PL, and Raman 
spectroscopy as described elsewhere45,84 and were proven to be of good quality 
MoS2. The MoS2 domains covered approximately 40% of the GaN surface. The 
MoS2 consisted of single, isolated triangles, predominantly of ML thickness (1L-
MoS2), as well as merged areas, second layer, and higher-order stacks. An SEM 
image of 1L-MoS2 domains is shown in Fig. 24a. Isolated MoS2 domains were in 
the shape of equilateral triangles with its side typically of 1 to 3 μm in length. The 
triangle sides are found to be parallel to the m-plane of the GaN substrate lattice in 
approximately 99% of the time. The growth of MoS2 aligned with respect to the 
underlying GaN lattice is evidence of epitaxy. 
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Fig. 24 Top and side views of the Au/2-D/3-D and Au/3-D junctions. a) and b) SEM images 
of triangular 1L-MoS2 domains on a GaN substrate with circular Au nanocontacts. The green 
rectangle shows the area that was selected for TEM characterization 

To form metal/2-D/3-D and metal/3-D junctions, arrays of Au nanodots (600- and 
400-nm diameter, 60-nm thickness, 2-μm period) were fabricated on the 
MoS2/GaN/Sapp structures (Fig. 24). Au nanodots were only evaluated if they were 
either entirely on a MoS2 triangle or entirely on bare GaN substrate to represent 
Au/1L- MoS2/GaN or Au/GaN junctions, respectively. The fine specks around the 
Au nanodots that are visible in SEM (Fig. 24b) were determined by TEM to be Au 
nanoparticles scattered on top of the MoS2, GaN, and nanodots from the final dot 
fabrication step and did not affect the conclusions of this study.  

Cross-sectional characterization of the 2-D/3-D heterostructures was performed 
with scanning TEM. The sample area selected for TEM is shown with the green 
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rectangle on the SEM image in Fig. 24b and consists of three Au nanocontacts on 
a MoS2 domain and bare p-GaN. The TEM image of the prepared cross section is 
shown in Fig. 24c. The central Au nanocontact in Fig. 22c lies on a MoS2 domain, 
while the two side nanocontacts lie on bare p-GaN substrate as seen in Fig. 24b. 

The TEM of the interface under the central Au dot (see Fig. 24b and c) that lies on 
a MoS2 domain is shown in Fig. 25a. The TEM image shows the atomic planes in 
Au nanocontact 1L-MoS2, and GaN substrate parallel to the interface. The TEM of 
the interface near the edge of the Au nanodot illustrates that GaN/MoS2 structure 
remains unperturbed when the Au nanodot is added (Fig. 25b). For comparison, the 
Au/semiconductor interface of the Au nanodot on bare GaN is shown in Fig. 25c. 
The TEM analysis proves the monolayer nature of the MoS2 domain extending 
throughout the whole undersurface of the central Au nanodot.  

 

 

Fig. 25 Cross-sectional TEM images of a) and b) the Au/1L-MoS2/p-GaN heterojunction and 
c) the Au/p-GaN junction 
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We used high-magnification TEM images (e.g., Fig. 26a) to extract the lattice 
constants of the materials in the vertical structure. The in-plane lattice constants of 
GaN and 1L-MoS2 were calculated from the TEM images using FFT of the 
averaged line intensities and were found to be 𝑎𝑎 = 3.175 and 3.188 Å, 
respectively, which constitutes only a 0.4% lattice mismatch. The value of the 
measured in-plane atomic period 3.175/2 Å is within 0.4% of the literature value of 
the lattice constant of GaN (𝑎𝑎 = 3.189 Å) (Sze 1981) and confirms the orientation 
of the cross-sectional plane in the GaN substrate which is m-plane (11�00), as 
intended. The central Au nanodot in Fig. 22b, which lies on 1L-MoS2, is found to 
have distinct uninterrupted atomic planes throughout the Au dot. The only small 
grains observed inside the nanodot are found near the edges away from the 
substrate. The vertical period of the atomic planes in the central Au dot is measured 
to be 2.26 Å, which corresponds to the Au lattice 𝑎𝑎𝐴𝐴𝐴𝐴 = 3.91 Å oriented with [111] 
direction along the c-axis [0001] of GaN. The measured Au lattice parameter 
𝑎𝑎𝐴𝐴𝐴𝐴 = 3.91 Å is within 4 % of the literature value of 4.065 Å for bulk Au. The  
in-plane atomic period of the Au nanodot was calculated with FFT from the TEM 
images to be 2.91 Å. This value corresponds to the viewing direction in the TEM 
images (GaN [101�0]) to be along the Au [1�1�2] direction. These data indicate 
epitaxial alignment of the central Au nanodot to GaN. The epitaxy was confirmed 
with the CBED measurements in TEM. The CBED images of the central Au 
nanodot on GaN/1L-MoS2 showed alignment of the Au lattice to the GaN substrate, 
while the single crystal nanodot on bare GaN produced a misaligned diffraction 
pattern (Fig. 27). The peak simulation and assignment for the GaN substrate and 
epitaxial Au nanodot were performed (Fig. 27) using SingleCrystal from 
CrystalMaker Software Ltd, which determined the following epitaxial alignment: 
Au [111] aligns with GaN [0001]; Au [22�0] aligns with GaN [12�10] with a −8 % 
lattice mismatch. Interestingly, the left (in Fig. 24b and c) non-epitaxial Au nanodot 
on bare GaN is found to be of multigrain nature with different grain orientations 
whereas the right nanodot on bare GaN is predominantly a single crystal but of 
misaligned orientation as shown in Fig 27c.  
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Fig. 26 Cross-sectional TEM image analysis of the Au/1L-MoS2/p-GaN interface. a) A 
micrograph of the interface that includes the MoS2 layer and two modified GaN layers. The 
yellow rectangle specifies the area used for the line profile in b). b) An averaged line profile of 
the TEM image intensity perpendicular to the interface and averaged along the interface 
within the yellow rectangle. 

 

Fig. 27 Electron diffraction images of a) GaN substrate under the Au nanocontact on MoS2, 
b) Au nanocontact on GaN/MoS2, c) Au nanocontact directly on GaN with no MoS2. Epitaxial 
alignment is evident for a) and b), but not c). 

All three materials in Fig. 25a, Au 1L-MoS2, and GaN, have atomically sharp 
interfaces that do not intermix. The ability to fabricate metal contacts to a single  
2-D semiconductor ML without disrupting its structural integrity is important for 
the development of functional electronic devices based on 2-D crystals, especially 
for the case of devices with vertical charge transport. Yet, to our knowledge, there 
has been little direct evidence (such as high-resolution TEM) before this work that 
such metal/2-D interfaces were possible. Generally, various semiconductor 
processing steps, such as plasma treatments, high impinging energies of PVD-
deposited metal atoms, diffusion, and chemical reactions are expected to pose risks 
to the integrity of the 2-D ML. As an example, last year Kim et al.90 provided rare 
cross-sectional TEM images of metal/1L-MoS2 contacts and found that Pd and Ti 
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contacts to 1L-MoS2 on a SiO2 layer resulted in a distortion of the 1L-MoS2. A 
disrupted metal/2-D interface can be tolerated in lateral devices or stacks of several 
2-D layers, but is unacceptable for vertical devices comprising a single ML when 
direct shorts of the surrounding materials through the ML would negate the function 
of the 2-D material.  

To avoid physical ion damage to the 2-D layer, we eliminated the plasma clean 
steps in our nanodot fabrication process and chose a low impinging energy PVD 
process such as evaporation (vis-à-vis sputtering). To mitigate chemical interaction 
and inter-diffusion of the metal into the 2-D layer, we chose Au as the contact 
material. Au is believed to create a less intimate contact to 2-D MoS2 than high 
adhesion materials (such as Ti and chromium [Cr]), which are likely to disturb a 
single ML. In the computational study of Kang et al.,91 vdW gaps between several 
metal contacts and MoS2 were investigated. The authors predicted Au contacts to 
have larger physical separation and lower level of hybridization with the 2-D 
material as compared to some other common contact metals, such as Ti, Mo, and 
palladium (Pd). Au has been used by the 2-D scientific community to deposit 
contacts to MoS2, but there are scarce data published on the nanostructure of the 
Au/MoS2 interface. In the study of Gong et al.,92 ultrathin (2 nm) Au films were 
deposited by PVD onto MoS2 and were reported to be of a discontinuous and 
granular nature, unlike what we see in our case. We speculate that the epitaxial 
growth of Au, dictated by the alignment of the MoS2 and the whole heterojunction 
to the GaN lattice, is essential for the continuity of the Au film and order at the 
Au/MoS2 interface seen in our system. 

The top two atomic layers of the GaN, which represent the height of one unit cell 
of the GaN lattice, appear to be modified in the areas beneath the MoS2 ML. As 
was previously reported for n-doped GaN,84 the modification in p-GaN is purely 
restricted to areas where MoS2 is present and is not observed on the bare GaN. 
These two modified layers at the interface are labeled “mod-GaN” in Fig. 25a. In a 
separate TEM/EDS study, the modified atomic layers are determined to be a GaN 
crystal diluted with S and Mo. Details concerning these findings will be published 
in a future article by R Burke et al.93 The modified layer is ultra-thin, and we do not 
expect S and Mo to be efficient dopants in GaN.94 Therefore, the superficial layer 
in GaN is not expected to significantly affect the electrical properties of the GaN 
side of the heterojunction. 

We performed quantitative TEM characterization of the Au/2-D/3-D interface in 
order to evaluate the vdW gap and other parameters of the heterojunction. Averaged 
TEM intensity line scans were extracted from the images, as shown in Fig. 26, 
where a yellow rectangle on the TEM image denotes the area examined. The line 
intensity profile was plotted perpendicular to the interface (i.e., along the long edge 
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of the rectangle). The intensity at each point of the plotted line scan is an average 
along the line parallel to the interface within the rectangle. The first Au layer, MoS2 
ML, modified GaN layers (m1, m2), and first bulk GaN layer (b1) are denoted in 
the line profile of Fig. 26b. Atomic plane spacings Δ were determined from the line 
profile and summarized in the inset table. The atomic spacings Δ were measured 
this way in over 20 locations at the interface of the epitaxial nanodot. For the 
distance between the MoS2 and the first atomic Au layer above MoS2 (𝑎𝑎1), we get 
the value averaged over multiple locations ∆(𝑎𝑎1−𝑀𝑀𝑀𝑀𝑆𝑆2) = 4.5 ± 0.4 Å, where 
the uncertainty is the standard deviation for different measurements and represents 
the variation of the actual spacing and error of the measurement. The distance Δ is 
measured from the peak of the TEM intensity (i.e., between the centers of Mo and 
Au atom rows). Similarly, the MoS2-GaN spacing is ∆(𝑀𝑀𝑀𝑀𝑆𝑆2 −𝑚𝑚1) = 
6.1 ± 0.3 Å. Assuming ∆(𝑀𝑀𝑀𝑀 − 𝑆𝑆) = 1.5 Å as the Mo-S bond distance and keeping 
in mind that our GaN is Ga-terminated, the MoS2-GaN vdW gap can be estimated 
as δ(𝑆𝑆 − 𝐺𝐺𝐺𝐺) = ∆(𝑀𝑀𝑀𝑀𝑆𝑆2 − 𝑚𝑚1)− ∆(𝑀𝑀𝑀𝑀 − 𝑆𝑆) = 4.6 ± 0.3 Å. This δ value is 
larger than the one measured previously for the GaN/MoS2 system without the Au 
capping layer, 3.1 Å.84  

We speculate that the presence of the top Au layer above MoS2 could be reducing 
the adhesion strength of the MoS2 and GaN. A precise measurement of δ in the 
absence of the Au capping layer for the sample studied in this work could not be 
done because of the ion damage to the MoS2 during the FIB sample preparation 
(see the surface area outside the nanodot in Fig. 27). The Au nanodot served, in 
part, as a protective mask during the TEM sample preparation. Next, the distance 
between the atomic layers in the modified GaN layers is measured to be 
∆(𝑚𝑚1−𝑚𝑚2) = 3.1 ± 0.2 Å, which is larger than the spacing between bulk GaN 
layers that varies within ∆(𝑏𝑏2− 𝑏𝑏3) = 2.6 ± 0.2 Å.  
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Fig. 27 TEM images of the edges of an Au nanodot at the Au/GaN interface a) without MoS2 
and b) with a MoS2 ML. The Au wets the sample surface at a smaller contact angle 𝝑𝝑 when a 
MoS2 ML is present. 

It was noted in the TEM images that the wetting of the Au nanodot of the substrate 
changes depending on whether the dot is on MoS2 or bare GaN, per Fig. 27. The 
contact angle of the Au nanodot on bare GaN was measured to be ϑ = 152° and 
the contact angles on the left and right sides of the central nanodot on MoS2/GaN 
are ϑ = 112° and 130°. Thus we observe an improved adhesion of Au to the GaN 
substrate when it is covered with 1L-MoS2. Figure 27a shows a SEM image of a 
Au/(1L-MoS2)/ p-GaN heterojunction contacted with a W nanoprobe. Au nanodots 
that lay entirely inside a single isolated 1L-MoS2 triangle were selected for the I-V 
measurements, and over a dozen of such Au/(1L-MoS2)/p-GaN heterojunctions 
were measured and analyzed.  

The I-V characteristics of several representative Au/(1L-MoS2)/ p-GaN vertical 
heterojunctions are displayed in Fig. 28b. The I-V measurements show rectification 
behavior. We attribute the electrical characteristics of the heterojunctions to be 
primarily determined by the nanodot/GaN junction which is perturbed by the 
insertion of a 1L-MoS2. This physical picture was proposed in our earlier study 
after the analysis of the metal/1L-MoS2/GaN electrical characteristics measured by 
CAFM on both p- and n-doped GaN and bare metal/GaN junctions.84 This is in 
contrast to the picture for a thick MoS2 layer where the MoS2 acts as an independent 
semiconductor in the heterojunction forming two separate junctions on the Au and 
GaN interfaces.  

(b) (a) 
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Fig. 28 a) SEM of an isolated ML MoS2 triangle under an Au nanodot that was contacted 
and electrically tested with a W nanoprobe tip. b) Electrical data on Au/MoS2/GaN. c) 
Electrical data on Au/GaN. 

The electrical data involving permanent Au contacts on MoS2/p-GaN are 
considerably more reproducible and less noisy than our earlier CAFM data;45,84 
therefore, the fine details of the I-V characteristics can be extracted and analyzed. 
The rectification polarity in Fig. 28b and c is consistent with a p-type Schottky 
barrier (SB). The forward bias on the Au/p-GaN SB corresponds to the negative 
bias on the W nanoprobe (i.e., the Au nanodot). A striking feature in the I-V curves 
is that all Au/(1L-MoS2)/p-GaN heterojunctions show the same distinct turn on 
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(threshold) voltage at 𝑉𝑉𝑡𝑡ℎ = −2.5 𝑉𝑉 applied to the Au contact and the same slope 
near 𝑉𝑉𝑡𝑡ℎ . No deviations from the 𝑉𝑉𝑡𝑡ℎ = −2.5 𝑉𝑉 turn on voltages on the forward 
Schottky bias were observed for over a dozen nanodots tested, including nanodots 
on isolated MoS2 triangles and on merged triangle clusters that are believed to be 
of ML thickness as well. For comparison, the I-V curves for the nanodots on bare 
GaN are plotted in Fig. 28c. A similar distinct value of the turn on voltage is 
measured for Au/p-GaN junctions with 𝑉𝑉𝑡𝑡ℎ = −3.5 𝑉𝑉. Again, approximately 10 
dots (measurements) were tested and all of them displayed the ‒3.5 V turn-on 
voltage (𝑉𝑉𝑡𝑡ℎ).  

The high reproducibility of the 𝑉𝑉𝑡𝑡ℎ  value and the I-V slope near 𝑉𝑉𝑡𝑡ℎ  indicate that 
those parameters are determined mainly by the materials involved (Au/MoS2/ 
p-GaN or Au/p-GaN) and are not affected by the 2-D domain sizes, quality of the 
probe/dot contacts, or various uncertainties of the measurements. The slope of the 
I-V curve near 𝑉𝑉𝑡𝑡ℎ  was used to evaluate the effective SBs (𝛷𝛷𝐵𝐵) assuming a 
thermionic emission model,95‒96  

 𝐼𝐼 = 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴∗𝑇𝑇2𝑒𝑒
−𝑞𝑞𝛷𝛷𝐵𝐵𝑘𝑘𝑘𝑘 𝑒𝑒

𝑞𝑞𝑞𝑞
𝑛𝑛𝑛𝑛𝑛𝑛, (2) 

where 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑 = 0.3 𝜇𝜇𝜇𝜇2 is the area of the Schottky contact (∅600 𝑛𝑛𝑛𝑛), 
 𝐴𝐴∗ = 120 ∙ (𝑚𝑚∗ 𝑚𝑚𝑒𝑒)⁄  𝐴𝐴 𝑐𝑐𝑐𝑐2𝐾𝐾2⁄ = 260 𝐴𝐴 𝑐𝑐𝑐𝑐2𝐾𝐾2⁄  is the Richardson constant95 of 
GaN based on an effective hole mass of 𝑚𝑚ℎ

∗ = 2.2𝑚𝑚𝑒𝑒,97‒98 T is the absolute 
temperature, n is the ideality factor, 𝑞𝑞 = 1.6 × 10−19 𝐶𝐶, and k is the Boltzmann 
constant. Examples of the exponential curve fitting near the forward bias threshold 
are shown in Fig. 28. The extracted fitting parameters are Φ𝐵𝐵 = 1.3 𝑒𝑒𝑒𝑒 and  
𝑛𝑛 = 4.5 for Au/MoS2/p-GaN and Φ𝐵𝐵 = 1.5 𝑒𝑒𝑒𝑒 and 𝑛𝑛 = 4.5 for Au/p-GaN. 
Therefore the analysis of the I-V characteristics within the model of thermionic 
emission over an Au/GaN SB yields that the insertion of a 1L-MoS2 on the Au-
GaN interface effectively reduces the SB by 0.2 eV.  

The large value of the extracted ideality factor n indicates that there might be other 
physical mechanisms present behind the electron transport in addition to, or instead 
of, the thermionic emission. There are scarce electrical data in the literature for the 
metal/(1L-MoS2)/GaN system. For thick (~10 nm) MoS2 flakes contacted by 
metals, a significant contribution from tunneling across the metal/MoS2 Schottky 
and tunnel barriers in addition to the thermionic emission has been demonstrated.99 
Even though the system with 1L-MoS2 is different, a similar tunneling mechanism 
could be present in our case as well. Since the electrical behavior of the Au/(1L-
MoS2)/GaN heterojunctions is governed by the Au/GaN contact, we can compare 
our results with the literature data on Au/GaN and other metal/(3-D semiconductor) 
junctions. A model based on Eq. 1 was successfully used to characterize Pt/n-GaN 
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macroscopic Schottky diodes and a large number of nanoscale Schottky contacts 
created with a CAFM tip.96 Further insight can be gained from a thorough study by 
Card and Rhoderick,100 where metal/semiconductor contacts were explored and 
insulating SiO2 films of various thicknesses were introduced at the interface. It was 
found that with the presence of an oxide layer, the general formula of Eq. 2 still 
held for the forward bias with increased parameters n and Φ𝐵𝐵. The increase in the 
oxide thickness resulted in a continuous increase in the ideality factor n and the 
oxide barrier height. The latter effectively increased the coefficient Φ𝐵𝐵 in Eq. 2 
with respect to the true metal/semiconductor SB.  

Additionally, the deviation of the I-V curves from the exponential was 
progressively more pronounced in the same manner as in the I-V curves in the  
Fig. 28b and c (i.e., the decrease of the slope at a larger forward bias on a semilog 
I-V plot). It is reasonable to conclude that the large values of the ideality factors 
extracted from our I-V plots and the deviation from the exponential behavior are 
the result of the presence of an insulating layer at the Au/GaN and 1L-MoS2/GaN 
interfaces. For the case of p-doped semiconductors, the presence of an interfacial 
oxide layer between a metal contact and p-GaN was suggested as well using 
capacitance-voltage (C-V) characteristics analysis.101  

To summarize, the absolute values of the effective SBs (Φ𝐵𝐵 = 1.3 1.5 𝑒𝑒𝑒𝑒) 
extracted using Eq. 1 may be overestimates if a significant insulating layer is 
present at the interface with GaN. A more secure result of the analysis of the 
measured I-V data displayed in Fig. 27 is the 0.2 eV relative decrease of Φ𝐵𝐵 upon 
the insertion of a 1L-MoS2 on the Au/p-GaN interface. To illustrate these results, 
we plot a band diagram of the Au/p-GaN and Au/MoS2/p-GaN heterojunctions in 
Fig. 28 based on the SB values available to us from the above I-V analysis. 

The band diagram in Fig. 29 assumes literature values for the basic parameters of 
bulk Au and GaN and matches them with the measured SBs on the interface. The 
work function (WF) of the Au is assumed to be 5.1 eV,94 and the bandgap of GaN 
is Eg = 3.4 eV.102 The reported values for electron affinity of GaN vary between  
χ = 2.6 to 4.1 eV102‒107 with the lower values of affinities generally measured for 
surfaces prepared in ultra-clean conditions. An χ = 3.8 eV104 is assumed in  
Fig. 28. The free-hole carrier density of p-GaN used in this study is p ≈ 1017 cm‒3. 
The position of the Fermi level (EF) with respect to the top of the valence band (EV) 
in bulk p-GaN can be estimated with the formula88 𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑉𝑉 = 𝑘𝑘𝑘𝑘 ∙
𝑙𝑙𝑙𝑙 𝑁𝑁𝑉𝑉 𝑝𝑝 = 0.17 𝑒𝑒𝑒𝑒⁄ , where 𝑁𝑁𝑉𝑉 = 8 × 1019 𝑐𝑐𝑐𝑐−3 is the effective density of states 
in the valence band of GaN calculated with an effective hole mass of  
𝑚𝑚ℎ
∗ = 2.2𝑚𝑚𝑒𝑒.97‒98 Within the Schottky‒Mott approximation,95 the SB height for 

Au/p-GaN is expected to be 𝐸𝐸𝑔𝑔 + 𝜒𝜒 −𝑊𝑊𝑊𝑊𝐴𝐴𝐴𝐴 = 2.1 𝑒𝑒𝑒𝑒, which exceeds the 
measured value Φ𝐵𝐵 ≈ 1.5 𝑒𝑒𝑒𝑒. We propose that there is Fermi level pinning at the 
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Au/GaN interface that is reflected in Fig. 28 as a discontinuity in the vacuum level 
at the interface due to the presence of trapped charges on it. The insertion of a MoS2 
ML modifies the pinning and reduces the SB by 0.2 eV.  

 

Fig. 29 Band alignment of Au and p-GaN at the contact and with an interfacial single 
monolayer MoS2. The monolayer 2-D represents a modified Au/GaN interface, and the  
1L-MoS2 internal band structure is not plotted. 

The SB heights extracted from our electrical measurements (Φ𝐵𝐵 = 1.3 1.5 𝑒𝑒𝑉𝑉) are 
substantially lower than the Schottky‒Mott approximation value (2.1 eV). This is 
in contrast to the Ni/p-GaN system reported in the literature, where a large  
Φ𝐵𝐵 ≈ 2.8 𝑒𝑒𝑒𝑒 extracted from the electrical testing appears to be close and even 
above their Schottky‒Mott values.101 To validate our SB numbers, we made 
independent measurements of the band bending (BB) at the surface of our GaN 
substrates. We performed Kelvin probe (KP) measurements with a macroscopic tip 
(Ø 2 mm) of the WF of a bare p-GaN wafer under atmospheric conditions relative 
to an Au contact. The measured WF at the surface of p-GaN is 6.20 ± 0.05 𝑒𝑒𝑒𝑒, 
which is relative to the Au standard of 5.1 eV. The BB on the bare p-GaN surface 
can be calculated as the difference of the surface WF from the bulk value  
(𝐸𝐸𝑔𝑔 + 𝜒𝜒 − 0.17 𝑒𝑒𝑒𝑒 ≈ 7.0 𝑒𝑒𝑒𝑒): 𝐵𝐵𝐵𝐵 = 7.0 − 6.2 𝑒𝑒𝑒𝑒 = 0.8 𝑒𝑒𝑒𝑒. The Kelvin probe 
result for the BB in our p-GaN agrees with the literature values for the surface BB 
of bare p-GaN of 0.8 eV when measured with photoelectron spectroscopies.102,107 
On the other hand, for the Au/GaN contact the electrically measured SB height 
yields BB of 1.3 eV (as shown in Fig. 29). The larger BB of 1.3 eV extracted from 
our I-V analysis is likely due to the presence of the Au capping layer. The insertion 
of 1L-MoS2 in between GaN and Au effectively increases the separation between 
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the metal and 3-D semiconductor and relaxes the BB in GaN toward its bare surface 
value. The reduced BB measured with KP is in accord with our I-V analysis results 
(i.e., the reduced SB heights) and can be explained with the presence of trap states 
on the interface resulting in the Fermi level pinning as illustrated in Fig. 29. 

It is instructive to compare our electrical results with a recent study by Henck et 
al.86 involving characterization of the 1L-MoS2/p-GaN band structure via 
ARPES/XPS. The BB in GaN was found to decrease from 1.9 to 1.6 eV after the 
transfer of a 1L-MoS2 on p-GaN. Thus, the researchers found a 0.3 eV decrease of 
the BB in GaN as compared to a 0.2-eV decrease for our case of epitaxial 
Au/MoS2/GaN. However, their absolute values of the GaN BB (1.9 to 1.6 eV) 
deviate from our numbers (1.3 to 1.1 eV) and from the results for bare p-GaN 
(BB=0.8 eV) reported earlier. The electron affinity of GaN 4.4 eV in the study of 
Henck et al.86 is rather large when compared to the values in other reports in the 
literature of 2.6 to 4.1 eV.102‒107 These discrepancies, as well as the spread in the 
literature of the electron affinities and BB, indicate that there is large variation (of 
several tenths of an electron volt) of the energy band parameters that depend on the 
materials state and measurement methods used. The presence of the Au layer in our 
case, and the different choice of the 2-D monolayer (epitaxial vs. transferred MoS2) 
might also explain the differences with the ARPES results. Regardless, the 
tendencies and relative changes, as compared to absolute values, in the band values 
sustain better for different measurement techniques. 

The I-V curves at a forward bias above the threshold voltage exhibit some deviation 
from one measurement (nanodot/domain system) to another (see Fig. 27). We 
observed a tendency that larger MoS2 domain triangles, and especially clusters of 
connected triangles, show larger currents at high biases than smaller domains. This 
is likely to be the manifestation of the current spreading inside a MoS2 domain. 
When the current spreads away from the junction boundary, which is defined by 
the nanodot, and flows in the in-plane direction inside the MoS2 domain, an 
effective increase in the MoS2/GaN contact area is made accessible by the MoS2 
domain size. The current spreading in the MoS2/GaN system was shown to exist in 
our previous study, where we demonstrated via CAFM imaging that larger triangles 
resulted in more current at the same bias than smaller triangles. Furthermore, it was 
shown that within one triangle, the current diminished in the corners.45 This study 
suggests that the current spreading manifests itself mainly at larger biases and is 
negligible near the threshold voltages.  

While approximately 99% of the MoS2 domain triangles are oriented with the GaN 
lattice, there are occasional ML triangles that are misoriented with respect to the 
substrate lattice. These misoriented triangular domains often exceed by a factor of 
2 to 4 the average size of oriented (epitaxial) MoS2 triangles. The larger size implies 
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that they grow faster than the epitaxial MoS2 or nucleate earlier. An example of a 
MoS2 triangle that is rotated by 24° with respect to the rest of the epitaxial MoS2 
domains is observed in SEM measurement and the I-V plot for this triangle is given 
in Fig. 27b, and shows the same threshold voltage 𝑉𝑉𝑡𝑡ℎ = −2.5 𝑉𝑉 as for the epitaxial 
MoS2, but with higher current levels above 𝑉𝑉𝑡𝑡ℎ . The latter could be due to the larger 
size of misoriented MoS2 and the current spreading effect described previously. 
Currently, the dearth of misoriented MoS2 domains precludes a detailed study of 
such systems. 

Another result that comes from the analysis of the I-V curves is that the current at 
larger biases gradually decreases from measurement-to-measurement on different 
nanodots. This trend is illustrated in Fig. 28c, where the I-Vs of several Au nanodots 
on bare GaN are presented. The nanodot numbers in the legend correspond to the 
sequence of the measurements. During the first few measurements of Au dots 3, 5, 
and 6 the current magnitude gradually decreases from measurement-to-
measurement. At dot 22, the current is substantially smaller above 𝑉𝑉𝑡𝑡ℎ  (Fig. 27c). 
This effect is negligible near the threshold voltage 𝑉𝑉𝑡𝑡ℎ = −3.5 𝑉𝑉, indicating again 
that the value of 𝑉𝑉𝑡𝑡ℎ  and the I-V slope near 𝑉𝑉𝑡𝑡ℎ  are the intrinsic parameters of the 
metal‒semiconductor junction. Since different independent Au/GaN junctions (Au 
dots 3, 5, 6, and 22) are measured, the trend must be due to the nanoprobe itself. 
The degradation (possibly oxidation induced by the current heating) of the W 
nanoprobe is believed to be the root cause behind this time-dependent observation 
of the larger contact resistance of the W tip/Au nanodot junction. Additionally, we 
contacted the GaN substrate with a W nanoprobe (tip) directly, and obtained the  
I-V of the W/GaN junction (Fig. 28c). Clear rectification was observed for the 
W/GaN junction corresponding to the p-type SB. The threshold voltage shifted to 
‒4.5 V, and the current level and the slope near 𝑉𝑉𝑡𝑡ℎ  were substantially reduced. 
Bare W nanoprobe measurements on MoS2 triangles were not performed because 
of possible damage to the MLs. 

6.4 Theoretical Verification 

6.4.1 Method 

The calculations were performed using a first-principles method with the projector 
augmented wave (PAW) basis set,66 as implemented in the VASP67 code. The GGA 
parameterized by PBE68 exchange-correlation (XC) functional was employed to 
calculate the structural and electronic properties of 2-D/3-D, metal/2-D, metal/3-D 
and metal/2-D/3-D heterojunctions. Prior to forming heterostructures, bulk lattice 
properties of the constituent systems (Au, GaN, and MoS2) were calculated using 
the kinetic energy cut-off of 500 eV for electronic wave functions. A Γ-centered 
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Monkhorst‒Pack BZ integration scheme was adopted to integrate over the BZ.69 
To include vdW type interaction in the Kohn–Sham energies during structure and 
energy minimizations, the semi-empirical DFT-D2 dispersion correction of 
Grimme was used.70 The forces were calculated using the Hellmann–Feynman 
procedure and geometries were optimized using a conjugated gradient (CG) scheme 
with a convergence criterion of 0.001 eV Å−1 for the atomic forces. The optimized 
bulk MoS2 lattice constants are a = b = 3.19 Å and c = 12.33 Å, and bulk GaN 
lattice constants are a = b = 3.22 Å and c = 5.25 Å, consistent with Petkov et al.65 
and O’Regan et al.108. The slab model for Au (111) surface was constructed using 
six MLs of Au atoms with optimized in-plane bulk lattice parameters of 2.88 Å. 
This is similar to the model used in our previous study109 to construct  
1L-MoS2/GaN heterostructures.  

Unlike in the 1L-MoS2/GaN heterostructure where the lattice mismatch is less than 
1%, the lattice mismatch between Au (111)/1L-MoS2 and Au (111)/GaN 
heterostructures is relatively large (<8%). To compensate for the strain between 
1L-MoS2 or GaN and Au (111), we have strained the Au layer to match the 
underlying 1L-MoS2 or GaN layers. The commensurate 2-D/metal, 3-D/metal, and 
2-D/3-D/metal heterostructures are created using CellMatch tool.110 To maintain a 
tradeoff among the supercell size, accuracy, and computational cost, the smallest 
supercells with strained Au-layer (approximately +4%) were selected for this study. 
The resultant supercells possessed in-plane commensurate lattice vectors of  
(2.72 × 2.55), (2.31 × 2.25), and (2.32 × 2.25) nm for Au/1L-MoS2, Au/GaN, and 
Au/1L-MoS2/GaN heterostructures, respectively. Periodic boundary conditions 
were applied in the lateral directions, and the atomic positions in the interface were 
allowed to relax. To avoid surface to surface interactions, a vacuum region of at 
least 20 Å was added in the out-of-plane direction. In addition, to mitigate the 
charge fluctuation due to surface dipoles and avoid spurious dipole‒dipole 
interactions between repeated slabs, a dipole correction was applied along the 
direction normal to the surface. All the generated models used in this study are 
illustrated in Fig. 30. 
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Fig. 30 Atomistic representations of modeled heterostructures a) 1L-MoS2/GaN, b) Au 
(111)/1L-MoS2, c) Au (111)/GaN, and d) Au (111)/1L-MoS2/GaN. For the heterostructures 
with an Au (111) surface, the Au (111) surface is formed by straining the Au lattice constants 
by approximately 4.5% to form commensurate heterostructures. The lattice vectors are 
asymmetrically replicated to match the underlying semiconducting surfaces. 

For the electronic properties calculations, we have analyzed parameters such as 
total and partial density of states (DOS), charge and potential profiles across the 
junction, and WF. Using these vdW-optimized heterostructures, the total energies 
and DOSs were recalculated with the denser k-point grids (6 × 6 × 1). Since we 
have consistently used strained Au (111) layers in self-consistent charge 
calculations, strain induced effects in the electronic properties of Au(111)/ 
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1L-MoS2, Au(111)/GaN, and Au(111)/GaN/1L-MoS2 heterostructures were 
intrinsically normalized. By integrating the electrostatic potential on a real space 
grid in the heterostructures along the direction normal to the surface, vacuum levels, 
and WFs were identified. Charge accumulation and depletion characteristics at the 
heterojunctions were analyzed by integrating charges normal to the junctions. 

6.4.2 Structural Properties 

To gain further insight into the structural properties of the studied Au/2-D/3-D 
heterostructure system, we performed a systematic theoretical study of 2-D/3-D, 
Au/2-D, Au/3-D, and Au/2-D/3-D heterojunctions. To create 2-D/3-D and metal/ 
2-D/3-D heterostructures with desired in-plane periodicity and minimal surface 
induced features in the structural and electronic properties, we have used a slab-
model of both the metal and 3-D surfaces by checking their thickness convergence 
against their bulk properties, as described in our earlier study.84 The details 
concerning implemented methods and parameters used to design commensurate, 
strain-compensated Au/2-D, Au/3-D, and Au/2-D/3-D heterostructures are 
presented in the in Section 6.2, and the simulated heterostructures are shown in  
Fig. 30. The observed equilibrium gaps are summarized in the Table 5.  

Table 5 vdW-optimized vdW gaps. d12 is the optimized distance between metal/2-D or 
metal/3-D or 2-D/3-D layers, and d23 is the optimized distance between 2-D/3-D layers in the 
metal/2-D/3-D system. 

System 
d12 

(Å) 
d23 

(Å) 

1L-MoS2/GaN 3.1 … 

Au(111)/1L-MoS2 3.3 … 

Au(111)/GaN 3.25 … 

Au(111)/1L-MoS2/GaN 3.3 4.0 

 

The column d12 refers to the distance between the atomic planes on both sides of 
the interface between the first and second material layers. For example, d12 for  
1L-MoS2/GaN is the center-to-center S-Ga atomic plane distance for Ga-terminated 
GaN. Similarly, d23 refers to the distance between the interfacial atomic planes of 
the second and third layers (refer to Fig. 30). The vdW distance between the 
GaN/1L-MoS2 is defined as the distance between the surface Ga atoms and the 
bottom S atoms in the 1L-MoS2. Here, one interesting observation we would like 
to highlight is the approximately 29% increase in the distance between GaN/1L-
MoS2 in the Au(111)/1L-MoS2 /GaN heterostructure as compared to the standalone 
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GaN/1L-MoS2 system. This observation is cross-validated with our TEM data that 
follows. 

The vdW-spacing between the 2-D and 3-D layers was optimized, and an 
equilibrium vdW-gap of 3.1 Å between the 1L-MoS2 and GaN surface was 
calculated, which is consistent with our previous TEM observations.84 Prior to 
designing a metal/2-D/3-D heterostructure, metal/2-D and metal/3-D 
heterostructures are individually optimized. The optimized vdW gaps for Au/1L-
MoS2 (see Fig. 26b) and Au/GaN (see Fig. 26c) heterostructures are 3.3 and  
3.25 Å, respectively, indicating physisorbed nature of the metal/2-D and metal/3-D 
interfaces. We can compare the calculated Au/MoS2 vdW gap 𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑚𝑚𝑚𝑚𝑚𝑚/2𝐷𝐷 = 3.3 Å 
with our TEM measurement result ∆(𝑎𝑎1−𝑀𝑀𝑀𝑀𝑆𝑆2) = 4.5 ± 0.4 Å. The vdW gap 
will be Δ minus the Mo-S bond length 1.5 Å, which yields  
𝛿𝛿𝑇𝑇𝑇𝑇𝑇𝑇
𝑚𝑚𝑚𝑚𝑚𝑚/2𝐷𝐷 = 3.0 ± 0.4 Å consistent with the calculated value. Using these optimized 

geometries and vdW gaps, we designed an Au/1L-MoS2/GaN heterostructure, as 
shown in Fig. 26d, and further optimized the vdW gap between 1L-MoS2 and GaN 
layer in Au/1L-MoS2/GaN heterostructure, by fixing the Au/1L-MoS2 gap. The 
resultant equilibrium vdW gap for 1L-MoS2/GaN interface in Au/1L-MoS2/GaN is 
𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒
2𝐷𝐷/3𝐷𝐷 = 4.0 Å , an approximately 30% increment in vdW gap as compared to 

isolated 1L-MoS2/GaN system reported earlier.84 Quantitatively, the difference in 
observed (see above) and predicted 𝛿𝛿2𝐷𝐷/3𝐷𝐷  with the Au contact is 0.6 ± 0.3 Å , a 
difference of approximately 13%. Though the increase caused by the Au contact of 
the vdW gap between 1L-MoS2 and GaN layers observed in experiment is correctly 
captured in simulation, a quantitative agreement between observed and calculated 
vdW gaps demands for a comprehensive relaxation of Au/1L-MoS2/GaN, which is 
outside the scope of this study. 

It was noted in the TEM images that the wetting of the Au nanodot of the substrate 
changes depending on whether the dot is on MoS2 or bare GaN. The contact angle 
of the Au nanodot on bare GaN was measured to be ϑ = 152° and the contact 
angles on the left and right sides of the central nanodot on MoS2/GaN are  
ϑ = 112° and 130°. Thus we observe an improved adhesion of Au to the GaN 
substrate when it is covered with 1L-MoS2.  

To understand this enhanced binding characteristics of Au contact with and without 
MoS2 on GaN during fabrication, we performed first-principle calculations of Au 
on MoS2 and Au on MoS2/GaN heterostructures and compared their formation 
/adsorption energies, which is defined as the total energy difference between the 
heterostructure and the sum of its constituent layers. To rule out any method and 
simulation parameters dependent effect on the total energy calculation, we 
performed a static energy calculation by using similar first-principles-related 
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parameters, such as k-point grids cutoff energies and smearing parameters, and by 
maintaining equilibrium vdW gaps between the Au-MoS2, MoS2-GaN, and Au-
GaN layers at 3.3, 3.1, and 3.25 Å, respectively. The calculated adsorption energy 
difference of ‒4.5 eV (‒0.56 eV/surface atom) between Au/1L-MoS2/GaN and 
Au/GaN heterostructures indicates stronger binding of the Au 1L-MoS2, and GaN 
surfaces in Au/1L-MoS2/GaN heterostructure as compared to Au and GaN surfaces 
in an Au/GaN heterostructure. This is expected, because the dangling Ga bonds on 
a GaN surface introduce a polarization force at the surface, which in turn 
contributes to the repulsion of Au layer. In contrast, adding MoS2 layer in between 
GaN and Au surface passivates the dangling Ga bonds while suppressing 
polarizability of the surface, resulting in relatively stronger binding between the 
GaN and Au surfaces. A further study on the effect of metal and insertion layer 
types in order to improve adhesion of the Au contact to the GaN substrate may be 
of interest for metal contact engineering in 2-D/3-D heterostructures. 

6.4.3 Electronic Properties 

The shift in the threshold voltage (𝑉𝑉𝑡𝑡ℎ) in metal/2-D/3-D vertical device 
configuration is quantitatively related to the shift in the Fermi-level or intrinsic 
doping concentration and potential drop across the metal/2-D and 2-D/3-D 
junctions. To understand the potential drop across the heterojunctions in Au 
(111)/GaN heterostructure, pre and post MoS2 layer insertion, the potentials 
obtained from the electronic structure calculations are integrated along the direction 
normal to the interface and plotted in Fig. 31. Since the stable configurations Au 
(111)/GaN, Au (111)/MoS2, and MoS2/GaN layers are physio-absorbed, vdW-
optimized distances (gaps) (see Table 5) between the layers are used during 
electronic structure calculations. The effective potential drop at the Au (111)/GaN 
interface without the MoS2 layer is 7.2 eV. Insertion of the MoS2 layer in between 
Au (111) and GaN layers leads to formation of graded potential profile along the 
Au (111)/MoS2/GaN interface. Quantitatively, the effective potential drops by 
 2.4 eV between the GaN and MoS2 layers and by 4.7 eV between the MoS2 and 
Au (111) layers, which is a cumulative potential drop of 7.1 eV. Large potential 
drops across Au (111)/GaN, with or without MoS2, suggests that a lower carrier 
injection barrier exists at the interface, resulting in a larger current density across 
the interface. Moreover, the resultant potential drop difference of 0.1 eV between 
the Au (111)/GaN and Au (111)/MoS2/GaN heterostructures indicates a further 
reduction in the barrier at the Au (111)/GaN interface due to the inserted MoS2 
layer. The observed graded-like junction formation due to the inserted MoS2 layer 
is an indication that, with proper insertion layer type and thickness selection, the 
interface potential between the semiconducting, 3-D-like system and metal contact 
can be modulated. In addition, the net shift in the macroscopic average potential 
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across the GaN layers in Au (111)/GaN heterostructure after MoS2 layer insertion 
is approximately 0.75 eV. This shift in potential also implies an increase in intrinsic 
doping concentration and a stronger binding between the GaN and Au (111) layers 
prompted by the inserted MoS2 layer, which is consistent with our experimental 
and theoretical observations discussed earlier. A noticeable shift of Δ (V) = 0.5 eV 
in the vacuum level before and after MoS2 layer insertion was also observed, mainly 
due to the suppression of interface dipoles, which qualitatively agrees well with the 
change in threshold voltage observed in our experiment.  

 

Fig. 31 Effective potential profile of the Au (111)/GaN heterostructures before and after 
MoS2 layer insertion along the out-of-plane axis (Z-axis). The spatial location of each layer are 
marked accordingly. To illustrate effective potential drops across the interface, potential 
profile for the Au (111)/GaN heterostructure over the Au (111) layers are shifted and 
superimposed on top of potential profile of the Au (111)/MoS2/GaN heterostructure. Δ(V) 
represents shift in vacuum potential due to the MoS2 layer insertion. V1, V2, and V3 represent 
potential difference between the GaN and Au, MoS2 and GaN, and MoS2 and Au layers, 
respectively. 

In the physio-absorbed interface with vdW-gap, the interlayer gap or vdW-gap also 
plays a significant role in defining the magnitude of the charge transport across the 
interface. To garner further understanding of the role of the inserted MoS2 layer on 
charge transfer and rule out any proximity-induced effect due to the reduced vdW-
gap between the Au (111) and GaN layers in the optimized geometry, we have 
performed an additional electronic structure calculation of an Au (111)/GaN 
heterostructure by fixing the distance between the Au (111) and GaN layers to the 
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distance between the Au (111) and GaN layers in the optimized Au 
(111)/MoS2/GaN heterostructure. The potential profile comparison between the Au 
(111)/GaN heterostructure with a fixed gap of 10.47 Å and Au (111)/MoS2/GaN is 
presented in Fig. 32. Compared to the Au (111)/GaN heterostructure with 
equilibrium (optimized distance), the effective average potential shift of 
approximately 1 eV in the GaN layers due to the MoS2 layer insertion in Au 
(111)/GaN heterostructure is also observed. Furthermore, without the MoS2 layer 
and with an Au (111)–GaN separation distance of d = 10.47 Å, the potential at the 
Au (111) and GaN interface approaches the vacuum level, an indication of minimal 
interaction and charge transfer between the Au (111) and GaN layers due to layer 
decoupling.  

 

Fig. 32 Effective potential profile of the Au(111)/GaN heterostructures before and after 
MoS2 layer insertion. The spatial location of each layer are marked accordingly. In the Au 
(111)/GaN heterostructure without the MoS2 layer, the Au(111) and GaN distance (d) was 
fixed to 10.47 Å. Vertical arrow indicates the interface region where the potential reaches the 
vacuum potential level for the Au(111)/GaN heterostructure without the MoS2 layer, 
indicating minimal charge transfer between the Au(111) and GaN layers. 

Bipolar semiconductor junctions formed with 2-D materials are expected to exhibit 
new physics as compared to conventional pn-junctions. For example, depletion 
widths are critical parameters of conventional bipolar devices, but it is not clear 
how the depletion regions are formed in a heterojunction with a 2-D component 
that may only be one monolayer thick. Knowing the charge density distribution 
across the 2-D/3-D heterojunction can shed light on the origin of the I-V behavior 
and the Fermi level pinning. The magnitude of the charge depletion width across 
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the metal/2-D and 2-D/3-D junctions and the Fermi-level pinning (FLP) energy 
window are the two major effects that define the I-V characteristics in the metal/ 
2-D/3-D heterostructure. The FLP effect is mainly caused by interface induced 
dipole formation due to charge redistribution across the metal/2-D/3-D interface. 
To address these issues, we have calculated the plane-averaged charge density 
difference along the out-of-plane direction in the Au/GaN heterostructure with and 
without 1L-MoS2 using the converged charges from our electronic structure 
calculations. The charge density difference (∆𝑛𝑛) along the out-of-plane direction is 
defined as ∆𝑛𝑛 = 𝑛𝑛(ℎ𝑒𝑒𝑒𝑒)− 𝑛𝑛(𝐴𝐴𝐴𝐴111) − 𝑛𝑛(𝐺𝐺𝐺𝐺𝐺𝐺) and is plotted in Fig. 32. Here, 
𝑛𝑛(ℎ𝑒𝑒𝑒𝑒) is the plane averaged charge density of the Au(111)/MoS2/GaN 
heterostructure, 𝑛𝑛(𝐴𝐴𝐴𝐴111) and 𝑛𝑛(𝐺𝐺𝐺𝐺𝐺𝐺) are the plane averaged charge densities of 
Au(111) and GaN layers separated by a 10.47-Å vacuum gap (see Fig. 31). We 
have established (see Fig. 32) that the interaction between the Au and GaN layers 
in the absence of the 2-D layer is negligible. The charge density distribution in the 
heterostructure is shown in Fig. 33 relative to the baseline individual 𝑛𝑛(𝐴𝐴𝐴𝐴111) and 
𝑛𝑛(𝐺𝐺𝐺𝐺𝐺𝐺) to highlight the changes brought about by the 2-D ML. The degree of 
charge redistribution provides an insight into the effect of the MoS2 ML insertion 
on dipole formation at vdW interfaces.  

 

Fig. 33 Plane-averaged charge density difference (Δn) of the Au (111)/GaN heterostructures 
before and after MoS2 layer insertion. Refer to text for the definition of Δn. The spatial 
location of each layer are marked accordingly. The interface regions are shaded with gray 
boxes. Blue and red regions indicate the charge depletion and accumulation, respectively. 
Inset illustrates the atomistic representation of the Au, MoS2, and GaN layers in an Au 
(111)/MoS2/GaN heterostructure. 
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It is evident from Fig. 33 that the charge fluctuations around the interfaces are 
significant in the Au (111)/MoS2/GaN heterostructure, mainly due to the 
interactions between the GaN and Au (111) layers with the MoS2 layer. The 
depletion areas in Fig. 33 are plotted in blue and have positive net charge due to the 
withdrawal of electrons. The charge depletion and accumulation at the GaN/MoS2 
interface is asymmetric compared to Au (111)/MoS2. In addition, the depletion 
width is larger in the Au (111)/MoS2 interface as compared to the GaN/MoS2 
interface, signifying strong interaction through higher DOS hybridization between 
the surface Au states and MoS2 states, mainly d-states from the Mo-atoms. At the 
GaN/MoS2 interface, the depletion area of positive charges is higher than the 
accumulation of the negative charges, indicating larger charge withdrawal by the 
GaN layer, which results in a larger potential drop across the GaN/MoS2 interface. 
However, the depletion width in the GaN layer is minimal because of the weak 
interaction between the GaN and MoS2 layers, which resulted from the larger vdW-
gap (4 Å), as compared to 3.3 Å between the Au (111) and MoS2 layers. Due to the 
strong interaction and states hybridization, the charge from the Au (111) layer 
extends through the MoS2 layer into the GaN layer, which is evident by the 
extension of positive charges throughout the MoS2 layer. The asymmetric charge 
accumulation and depletion widths in the GaN/MoS2 and Au (111)/MoS2 interfaces 
are likely one of the causes of the asymmetric threshold voltage 𝑉𝑉𝑡𝑡ℎ  observed when 
the polarity of the applied bias is changed.  

The charge redistribution across the interfaces also results in the formation of 
interface dipoles, which strongly influences the band alignment and SB height. As 
discussed earlier, the charge fluctuation is conspicuous across the Au (111)/ 
MoS2/GaN heterojunction, contributing to interface dipole formation, and hence 
the FLP at the interface. The observed charge fluctuation characteristics are a 
consequence of the interactions between the energy states of the constituent layers 
at the heterojunctions. For example, in the Au (111)/MoS2 heterostructure, the gap 
states are dominated by the hybridized Au and Mo d-states that results in the FLP, 
which can be further minimized by surface functionalization of the Au surface.110 
The complexity of the hybridization of the states near the Fermi-level increases 
significantly in the 3-D/2-D/metal heterostructure as compared to the cases of the 
metal/2-D and metal/3-D heterostructures. In particular, for the GaN/MoS2/Au 
(111) heterostructure, the MoS2 states hybridize with both the surface states of GaN 
and Au. To illustrate this, we plot in Fig. 34 the atom-projected density of states 
(PDOS) of Au (111)/GaN heterostructure after MoS2 layer insertion.  
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Fig. 34 Atom-PDOS of Au(111)/GaN heterostructures after MoS2 layer insertion. The 
energy scale in the x-axis is referenced to the Fermi energy level (Ef), which is illustrated by 
the broken vertical line. The GaN bulk valence and conduction band states are marked as 
𝑬𝑬𝑽𝑽𝑮𝑮𝑮𝑮𝑮𝑮(bulk) and 𝑬𝑬𝑪𝑪𝑮𝑮𝑮𝑮𝑮𝑮(bulk) with red and blue vertical lines, respectively. 

Figure 34 shows in detail how the gap states arise from the overlap of the Mo, S, 
Ga, and Au atomic states, which consequently leads to the FLP. The bulk 
conduction band and valence band edges of GaN extracted from a separate 
calculation are marked to illustrate the gap states originating from the MoS2-GaN 
and Au-GaN states hybridizations. The observed conduction band offset (CBO) and 
valence band offset (VBO) between MoS2 and bulk GaN in GaN/MoS2/Au(111) 
are 0.7 and 1.3 eV, respectively. It can be seen that the band offsets (or band 
alignment) between MoS and GaN deviates from the bulk values when we consider 
the GaN surface states. Undoped GaN was used in the PDOS calculation that 
explains the Fermi level position in GaN that differs from the experimental system 
(compare to Fig. 29). The observation of the gap states throughout GaN and MoS2 

bandgaps is consistent with the substantial band bending due to the FLP observed 
in the KP measurement, which in turn reduces the effect of the SB and complicates 
the device design. The functionalization or surface passivation of both the Au and 
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GaN surfaces might be one of the possible solutions to minimize the FLP and 
improve the control on the SB. 

6.5 Summary 

The integration of a monolayer 2-D semiconductor with conventional (3-D) 
semiconductors and metals was explored in order to build the scientific framework 
needed to develop hybrid 2-D/3-D heterostructure electronic devices. All-epitaxial 
Au/1L-MoS2/GaN heterostructures were fabricated with MOCVD, powder 
vaporization, and e-beam evaporation and compared to Au/GaN junctions. 
Nanostructures consisting of Au/GaN with and without 1L-MoS2 present at the 
interface were evaluated with cross-sectional TEM. The atomic plane spacing 
between the Mo and Ga planes (2-D to 3-D distance) and Au to Mo planes were 
measured to be 6.1 ± 0.3 and 4.5 ± 0.4 Å, respectively, which are consistent with 
first-principles calculated values.  

The I-V characteristics of the vertical heterojunctions were measured and show that 
the charge transport was dominated by the Au/GaN interface with the vdW 2-D 
material acting as a perturbation. The site-resolved charge density and potential 
profiles calculated using the first-principles method elucidated the role of the 2-D 
layer in the formation of the potential barrier and showed the depletion regions 
within the mixed-dimensional bipolar junction. The SBHs extracted from I-V 
curves are 1.3 eV for the Au/MoS2/p-GaN heterostructure and 1.5 eV for the Au/ 
p-GaN heterostructure, indicating a reduction in the barrier height by 0.2 eV when 
MoS2 is present. The reduced SB values suggest FLP and substantial BB in GaN at 
the interface. The formation of gap states leading to FLP was supported by our first-
principles calculations of the atom-PDOS in the heterojunction. This study provides 
quantitative information and insight on the nanostructural and electrical aspects of 
the interactions of a semiconductor 2-D ML with III-V semiconductors, a mainstay 
of modern high-speed electronics and metals. 

7. Growth and Characterization of a Multilayer 2-D Material 
on a 3-D Substrate 

7.1 Introduction and Motivation 

We have shown in the previous sections that a single molecular layer 2-D 
semiconductor (1L-2-D) grown on a conventional (3-D) semiconductor represents 
a convenient system to study the unique properties of 2-D materials. However we 
have found that 1L-2-D is electronically semi-transparent (see Section 5) and 
cannot be used in vertical bipolar junctions as an independent component forming 
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a pn-junction. Therefore, 1L-2-D is unsuitable as a bipolar component in a  
3-D/2-D/3-D HBT that we aim to create. We need a thicker semiconductor in place 
of the base of the HBT, so that the base exhibits the properties of the semiconductor 
whose doping polarity (n or p) is opposite to the polarity of the emitter and collector 
of the HBT. We set an objective to grow an approximately five-layer stack of a  
2-D material, such as MoS2 and WSe2. We expected a five-layer stack of 2-D to 
exhibit its bulk semiconductor properties in a 2-D/3-D junction and yet be thin 
enough to give the speed advantage over the conventional all-3-D HBTs.  

Our attempts to grow multilayer 2-D semiconductors by powder vaporization 
process described in the Section 6 were unsuccessful in the sense that the longer 
growth times resulted in nonuniform 3-D structures (such as MoS2 in the shape of 
grains, flakes, and rods) rather than a uniform, layered material. A nonuniform 
semiconductor could not be used in our microelectronic devices. We considered 
other ways to synthesize electronic grade 2-D materials of multilayer thickness and 
had success with the MOCVD growth developed at the Penn State University 
(PSU). 

In this work, we utilize MOCVD to synthesize few layer MoS2 and WSe2 on p- and 
n-type GaN, respectively, to probe the 2-D/3-D electrical properties. MOCVD 
enables large area, uniform TMD films via layer-by-layer growth as identified by 
AFM and Raman spectroscopy, where the layer number is tuned via growth time. 
XPS characterization confirms that stoichiometric MoS2 (Mo:S=1:1.95) and WSe2 
(W:Se = 1:2.03) layers are grown with negligible metal-oxide bonding compared 
to powder-vaporized TMDs. Furthermore, there is no degradation or structural 
change of the GaN substrate. Importantly, we demonstrate that the vertical transport 
in the 2-D/3-D hybrids vary with 2-D thickness and the choice of the 
heterostructure. ML TMDs on GaN exhibit clear direct tunneling, and few layer 
(FL) 2-D layers (>2 layers) lead to p-n junction behavior. While p-n diodes based 
on FL MoS2/p-GaN and WSe2/n-GaN exhibit similar turn-on voltages under 
forward bias, FL MoS2/p-GaN exhibits 100 times higher current under reversed 
bias due to strong charge transfer, and an intrinsic dipole between the MoS2/p-GaN 
interface. As a result, we hypothesize that the few layer WSe2/n-GaN is an 
appropriate choice for high-quality synthetic 2-D/3-D p-n heterostructures. Finally, 
we demonstrate MoS2/WSe2/n-GaN hybrids with atomically sharp interfaces, and 
unlike the resonant tunneling observed on MoS2/WSe2/epitaxial graphene (EG), 
single-layer MoS2/WSe2 on n-GaN exhibits ohmic behavior, while FL MoS2/WSe2 
on n-GaN is dominated by SB transport. 
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7.2 Method: MOCVD Growth 

TMD films are directly deposited on (p- or n-)GaN/c-sapphire substrates via 
MOCVD. The doping concentration for n-type GaN is 1017 cm‒3 and hole 
concentration for p-GaN is 1018 cm‒3. The MoS2 films are grown in a hot wall 
reactor at 650 °C using molybdenum hexacarbonyl (Mo(CO)6) and diethyl sulfide 
(DES) precursors, with sodium chloride (NaCl) powder placed upstream from the 
reactor hot zone for nucleation control and carbon sequestration.  

7.2.1 MoS2 Growth 

The Mo(CO)6 and DES precursors are sealed in two individual bubblers as shown 
in Fig. 35a. The GaN samples are put in the center of the furnace together with  
1 mg of NaCl powder. Before the growth, the chamber is first annealed in vacuum 
(18 mTorr) at 300 °C for 5 min to remove the moisture and contaminants, followed 
by pressurizing the chamber to 10 Torr with 565 sccm of argon as the carrier gas. 
During the growth, a 2-min nucleation step with 2 sccm of H2 from the Mo(CO)6 
bubbler and 45 sccm of H2 from the DES bubbler is applied, followed by increasing 
the H2 flow rate to 5 sccm for Mo(CO)6. The entire growth takes 30, 60, and  
120 min, respectively, to grow 1L 2L and approximately 5L MoS2 on p-GaN. 

 
Fig. 35 The growth and fundamental characterization: a) the schematic of MOCVD reactor 
of MoS2; b) and c) the large-scale (10 μm) and small-scale (2 μm) AFM scan of MoS2 grown 
with NaCl; d) and e) the large-scale (10 μm) and small-scale (2 μm) AFM scan of MoS2 grown 
without NaCl; a clear carbon film is observed after the growth without NaCl; e) the Raman 
spectra of the MoS2 grown with and without NaCl (blue) and without NaCl (red); clear carbon 
peaks are observed without NaCl. 

It is noticed that the NaCl is getting popular in the MOCVD growth of MoS2 to 
eliminate the moisture and suppress the nucleation.20,111 Here we notice that the 
other impact of NaCl in the MOCVD growth is removing the carbon residuals 
caused by the metal organic precursors. Nanocrystalline MoS2 flakes are observed 
by AFM (Fig. 35b and c) when the NaCl is applied, while a uniform layer with  
0.3-nm thickness is underneath the triangular MoS2 film without NaCl (Fig. 35d 
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and e). The Raman spectra shown in Fig. 35e suggest that although the MoS2 can 
be synthesized either with or without NaCl, the growth without NaCl shows 
significant amount of carbon, correlating to the thin layer underneath the MoS2. 
More theoretical calculation is motivated to understand the reaction between the 
NaCl and the precursors in depth. 

7.2.2 WSe2 Growth 

The WSe2 films are prepared using a cold wall reactor at 650 °C with tungsten 
hexacarbonyl (W(CO)6) and hydrogen selenide (H2Se). Growing 2-D vdW layer 
material on 3-D substrates would not be the same as traditional epitaxy due to the 
absence of dangling bonds on the surface. Here, epitaxial WSe2 on 3-D substrate, 
n- and p-type GaN, with uniform coverage achieved successfully through 
optimized growth condition without any degradation of GaN substrate. Growths 
performed at atmospheric pressure (700 Torr) using H2 as a carrier gas, by 
following the growth profile as seen in Fig. 36. A reactive precursors—W(CO)6 at 
the transition metal side and H2Se at the chalcogenide side—started flowing 
simultaneously just after temperature reached at 650 °C, in order to avoid 
roughening of GaN surface through degradation under H2 environment. A 
controlled 2L-WSe2 epitaxial and controlled layered film was obtained for the 
partial pressure of W(CO)6 of 5.8 ×10‒4 Torr and H2Se of 11 Torr in a 30-min 
growth period. Post-growth annealing of 5 min under H2Se environment was 
performed in continuation of growth process to reduce the chalcogenide-based 
defects in the film, which were directly evidenced in our previous study. A sharp 
and abrupt interface at GaN surface (based on cross-sectional TEM), presented a 
control layer-by-layer growth with vdW epitaxy of WSe2 at 3-D substrate surface. 
We believe that passivation of the surface dangling bonds on the 3-D substrate 
would be a key to achieve vdW epitaxial growth of the 2-D vdW layers on ordinary 
3-D substrates. 

 
Fig. 36 Growth temperature/flow/pressure profile of MOCVD growth of WSe2 on n-GaN 
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7.3 Characterization 

7.3.1 AFM, Raman, and XPS 

AFM (Fig. 37a‒c) demonstrates controlled formation of 1L 2L, and FL (3.5 nm) 
MoS2 as growth time is increased from 30 to 60 to 120 min, where the topography of 
ML MoS2 (Fig. 37a) closely matches the natural roughness of GaN substrate.45 An 
additional adhesion map (inset of Fig. 37a) is provided to visualize the distinction 
between 1L MoS2 and p-GaN. ML, 2L, and FL (4.7 nm) WSe2 (Fig. 37d‒f, 
respectively) is realized using growth times of 5, 10, and 30 min. Raman spectra of 
MoS2 (Fig. 37g) exhibits the typical 384 cm‒1 (E1

2g) and 403 cm‒1 (A1g) vibration 
modes for 1L MoS2, 384 cm‒1 (E1

2g) and 405 cm‒1 (A1g) for 2L MoS2, and  
383 cm‒1 (E1

2g) and 407 cm‒1 (A1g) for FL MoS2, confirming the thickness  
difference.35 Similar Raman shift trend is also observed on WSe2 (Fig. 3h) from  
250 cm‒1 (1L) and 249 cm‒1 (6L) for the E1

2g peak, agreeing with previous reports.112  

 

Fig. 37 Thickness controlled growth of TMDs: a)–c) AFM image of 1L–FL MoS2 grown on 
p-GaN. To identify the thickness, the film is intentionally scratched. The height profile in b) 
and c) clearly show 2L (1.3 nm) and approximately 5L (3.5 nm) of MoS2 on p-GaN. The height 
ML in a) is difficult to visualize due to the roughness of p-GaN, but the adhesion map (inset) 
demonstrates the sub-ML flakes on p-GaN; d)–f) AFM image of 1L–FL WSe2 grown on n-
GaN, the height profile indicates the different thicknesses of WSe2; g) Raman spectra for 1L–
FL MoS2, the A1g peak exhibits a significant red shift as thickness decreases, while the E1

2g 
peak remains nearly the same, confirming the thickness reduction; h) Raman spectra of 1L–
FL WSe2, the observed E1

2g peak shows a slight red shift as thickness increases; i) XPS 
spectrum of Mo 3-D core level, clear Mo–S bonding is detected and the Mo-O bonding is below 
the detection limit; j) XPS spectrum of W 4f core level, W-Se bonding is identified and the W 
5p is also observed; k) valence band edge of the FL MoS2/p-GaN (blue) and FL WSe2/n-GaN 
(red). The Fermi level is 1.6 and 0.4 eV above the valence band maxima of MoS2 and WSe2, 
respectively, indicating that the MoS2 is n-type and WSe2 is p-type. 



 

75 

Synthetic MoS2 and WSe2 are nearly stoichiometric (Mo:S = 1:1.95; W:Se = 
1:2.03) with negligible metal-oxygen bonding and no structural degradation is 
observed on GaN after the growth. In the case of MoS2, the Mo 3-D doublet peaks 
in XPS are observed at 230.0 and 233.1 eV together with an S 2s peak at 227.2 eV 
(Fig. 37i). Following peak fitting, the only detected bonding is between Mo and S. 
Importantly, Mo-O bonding is significantly reduced for MoS2 grown by MOCVD 
compared to PV.45 This is likely the result of the elimination of the oxygen 
precursor MoO3 often used for Mo in the PV method. Tungsten diselenide XPS 
(Fig. 37j) exhibits three W peaks at 32.3 eV (W 4f7/2), 34.4 eV (W 4f5/2), and 37.7 
eV (W 5p3/2) only, indicating no W-O bonding or other impurities within the 
detection limits of XPS.113 Finally, valence band edge measurements (Fig. 37k) of 
MoS2 and WSe2 indicate the valence band maximum (VBM) of MoS2 is 1.6 eV 
below the Fermi level, suggesting that MoS2 is electron doped (n-type). In contrast, 
the VBM of WSe2 is 0.4 eV below the Fermi level, indicating hole doping (p-type) 
behavior of WSe2.114 This is typical of MoS2 and WSe2, and is attributed to 
chalcogen vacancies in the TMD layer.20,115‒116 Further XPS characterization of the 
GaN before and after the growth also indicates no detectable structural degradation 
of GaN after the growth. 

7.3.2 Electronic Properties of TMDs/GaN Heterostructure  

Vertical charge transport through the 2-D/3-D hybrid is highly sensitive to the 2-D 
layer properties. Here, we use CAFM with a Pt/Ir tip to probe the nanoscale vertical 
transport of p-n junction TMD/GaN heterostructures. Based on fitting the local I-V 
characteristics with the Fowler‒Nordheim tunneling equations,117‒118 the carrier 
transport can be described to be dominated by direct tunneling for 1L MoS2/p-GaN 
and 1L WSe2/n-GaN. Thus, ML TMDs are considered nearly electrically 
transparent due to the full depletion region overlap. Additionally, the TMD layer 
between the Pt/Ir metal tip and GaN surface leads to a reduction in the transport 
barrier due to FLP at the tip/TMD interface, thereby reducing the contact 
resistance.45,108,119 As the 2-D layer thickness increases, the carrier transport 
becomes dominated by the barrier at the 2-D/GaN interface. This is evident when 
analyzing the I-V characteristics of FL n-MoS2/p-GaN and p-WSe2/n-GaN  
(Fig. 4a). For simplicity, (p-GaN or WSe2) positive bias is applied on the p-type 
semiconductor. The two heterostructures show slightly different turn-on voltage at 
approximately 1 V for WSe2/n-GaN and 1.4 V for MoS2/p-GaN under forward bias, 
with an ideality factor (n) of 30 for MoS2/p-GaN and 15 for WSe2/n-GaN. The high 
ideality factor is likely due to the SB between the tip and TMDs,41,45 leading to a 
combination of p-n and SB transport. Improved ohmic contacts to the TMDs will 
enable lower ideality factors.  
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We note that under reverse bias, the MoS2/p-GaN structure exhibits significant 
levels of current, even at low voltages. To understand this behavior, KPFM and 
Low Energy Electron Microscopy/Reflectivity (LEEM/LEER) measurements are 
employed. KPFM measurements of FL MoS2 (Fig. 38b) and FL WSe2 (Fig. 38c) 
reveal distinct work function differences between the TMDs and (p- or n-)GaN. 
The work function of WSe2 is measured to be approximately 300 meV higher than 
n-GaN, and MoS2 is approximately 150 meV higher than p-GaN. This work 
function difference is confirmed by LEEM/LEER measurements, where multiple 
spots are evaluated on FL MoS2/p-GaN (LEEM, Fig. 38d) and FL WSe2/n-GaN 
(LEEM, Fig. 38e). The corresponding LEER spectra (Fig. 38f) suggests that the 
work function difference between FL MoS2 and p-GaN is approximately 220 meV 
and between FL WSe2 and n-GaN is approximately 250 meV. Based on the 
measured work function (ΦWSe2 = 4.8 eV; ΦGaN = 4.5 eV), XPS measurements120 
and reported electron affinity (χWSe2 = 3.9 eV;121 χGaN = 4.1 eV,41 the band diagram 
of WSe2/n-GaN can be established (Fig. 38g), which agrees with literature values 
for WSe2/GaN.120 However, counter to the reported values,10,122 KPFM and LEER 
in this work both demonstrate that the work function of MoS2 is higher than that of 
p-GaN (Fig. 38b and d). We hypothesize that this could be due to modification of 
the GaN Mg dopant properties: 1) the degradation of Mg-doped GaN during the H2 
involved growth that results from the Mg dopant, leading to a reduced hole 
concentration of p-GaN123‒126 or 2) the strong intrinsic dipole and charge transfer 
at the semiconductor/semiconductor interface.127 In either case, this would shift the 
Fermi level (and hence work function) toward higher values in the GaN bandgap, 
leading to a modification of the MoS2/p-GaN behavior.  

The XPS measurements reveal the type I band alignment between MoS2 and p-GaN 
(Fig. 38h). Combining with the aforementioned KPFM and LEEM/LEER 
measurement, the band bending under different bias is shown in Fig. 38h. 
Conventional electron conduction is responsible for the forward biased current, but 
unlike WSe2, the hole conduction due to the tunneling can introduce reversed bias 
current.10 Furthermore, material modifications (below the detection limits of XPS) 
in the GaN due to high temperature synthesis of the MoS2 could also be the source 
of high leakage currents in reverse bias observed in Fig. 38a;128 however, additional 
theoretical work is needed to understand the aforementioned scenario in depth.  
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Fig. 38 The electronic properties of the TMDs/GaN heterostructure: a) the I-V 
measurement of FL MoS2/p-GaN and WSe2/n-GaN. Both heterostructures are turned on at 
approximately 1.4 V under forward bias. However, FL MoS2/p-GaN exhibits a higher leaking 
current. b) and c) KPFM characterization of FL WSe2/n-GaN and FL MoS2/p-GaN, the WF 
of WSe2 and MoS2 is 300 and 150 meV higher than n-GaN and p-GaN, respectively. d) and e) 
LEEM micrographs of FL MoS2/p-GaN (V = 1.9 eV) and FL WSe2/n-GaN (V=2.3 eV). The 
scratch of GaN is clearly visualized by LEEM and the LEER check point is labeled with 
different color in Fig. 36d and e. f) The LEER spectra of FL MoS2/p-GaN (top) and FL WSe2/ 
n-GaN (bottom), which quantifies the electrostatic surface variation and hence the variation 
of vacuum level. g) The band alignment of WSe2/n-GaN. h) The band alignment of MoS2/ 
p-GaN. It is clear that the hole conduction can be responsible for the reversed bias current. 

7.3.3 2-D/2-D/3-D Trilayer Stacks of MoS2/WSe2/GaN 

Utilizing the same synthesis techniques, it is possible to realize more complex  
2-D/3-D hybrids such as MoS2/WSe2/n-GaN (MWnG). Here, WSe2 films are 
deposited on n-GaN, and subsequently MoS2 films are deposited on WSe2/n-GaN 
to form the MWnG hybrid. The MoS2 is grown at 650 °C, resulting in 
nanocrystalline sub-MLs on the 1L WSe2 (Fig. 39a) and uniform FL MoS2/FL 
WSe2 (Fig. 39b). Raman spectroscopy (Fig. 39c) confirms the presence of MoS2 
and WSe2, with no evidence of intermediated phases (WS2, MoSe2, etc.). Cross-
sectional HR(S)TEM and EDS (Fig. 39d) reveal that the FL hybrid structure is  
6‒7 layers, evenly split between MoS2 and WSe2. The EDS mapping (Fig. 39e) 
indicates that the layers of MoS2 and WSe2 are well defined with a sharp interface, 
and no evidence of alloying.  
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Fig. 39 The 2-D/2-D/3-D heterostructure of TMDs/GaN: a) and b) AFM images of 1L 
MoS2/1L WSe2/n-GaN and FL MoS2/FL WSe2/n-GaN. The sub-monolayer domains can be 
seen on the top of WSe2 and the uniform FL heterostructure exhibits an approximately 4.6 nm 
total thickness. The Raman spectra c) confirms the co-existence of MoS2 and WSe2. d) and e) 
the HRTEM image of the FL MoS2/WSe2/n-GaN heterostructure, approximately 7 atomic 
layers is clearly observed, and the HRSTEM image colored by EDS mapping shows a sharp 
interface between MoS2/WSe2. f) The I-V curve of 1L MoS2/WSe2/n-GaN and FL 
MoS2/WSe2/n-GaN. Unlike the Schottky-dominant rectifying characteristic shown on FL 
sample 1L sample exhibits nearly linear tunneling characteristic without negative differential 
resistance.  

7.3.4 Conductive AFM: Vertical Electron Transport Measurement 

The electrical properties characterized by CAFM (Fig. 39f) vary greatly between 
ML heterostructures and FL heterostructures. When the film contains FL MoS2 and 
FL WSe2, a rectifying conductivity is observed. This rectifying feature is attributed 
to the forward-biased SB between the Pt/Ir tip and MoS2.41,45 Interestingly, unlike 
the reported resonant tunneling of 1L MoS2/1L WSe2 heterostructures on graphene, 
we find nearly ohmic behavior n-GaN, with no negative differential resistance 
(NDR) observed at room temperature. Such behavior is likely due to the thermionic 
emission at room temperature and nondegenerated doping concentration of our 
MoS2 and WSe2 films.129‒130  
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7.4 Summary 

This work demonstrates the scalable growth of TMD/GaN hybrid structures, where 
film thickness is controlled by tuning the growth time. The process results in high-
quality MoS2 and WSe2, as well as enables a route to 2-D heterostructures on GaN 
for next-generation electronics. Vertical transport through the hybrid structures is 
affected by the 2-D layer thickness, where ML films exhibit strong direct tunneling 
characteristics and few layer 2-D enables p-n junction formation at the 2-D/3-D 
interface. Compared to FL WSe2, the FL MoS2 films exhibit high leaking current 
in reversed bias. Our KPFM and LEEM/LEER characterization reveals a 
counterintuitive work function difference between MoS2 and p-GaN, potentially 
due to the strong interface charge transfer and possible nonstructural degradation 
(Mg passivation) in p-GaN. Furthermore, FL MoS2/WSe2 heterostructures on  
n-GaN exhibits rectifying behavior due to the presence of the metal/MoS2 SB. In 
contrast, we find ohmic behavior when the thickness of the film is reduced to one 
atomic layer. This study elucidates that the thickness and materials choice are 
critical toward high-quality 2-D/3-D heterostructures.  

Importantly, our results demonstrate that multilayer 2-D semiconductors grown by 
MOCVD function as bipolar semiconductor components in 2-D/3-D junctions with 
GaN and form bipolar pn-diodes (see Fig. 38a). This is in contrast to our results on 
the single layer 2-D semiconductors grown by PV described in Section 7.2. 
Therefore, we can utilize multilayer 2-D semiconductors grown by MOCVD at 
PSU as a 2-D base component in our targeted device: a 3-D/2-D/3-D HBT. 

8. Growth and Characterization of a 3-D/2-D/3-D 
Heterostructure 

8.1 Introduction and Motivation 

To implement a functioning HBT based on the 2-D semiconductor base, we need 
to be able to fabricate trilayer bipolar 2-D/3-D heterostructures and electrically 
access individually all three transistor components: collector, base, and emitter. 
Between the choice of the 3-D/2-D/2-D heterostructures described in Section 7.3.3 
and 3-D/2-D/3-D to be described in this section, we made our choice to use the 
latter for the following reasons. To access individually the base (middle layer) and 
collector (bottom layer), we need to perform some lithographic patterning after the 
collector (GaN) growth, which essentially implements bipolar diodes formed by the 
base and collector. Then the synthesis of the top layer (emitter) should be gentle 
enough to preserve the prefabricated diode devices. Therefore, the MOCVD 
process for the top layer is considered to be too harsh, in terms of chemicals and 
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temperature. While a PVD process, such as MBE, can be gentle enough to 
synthesize the top layer and preserve the devices on the substrate. Next, the 
synthesis of a conventional (3-D) semiconductor is more established and reliable 
than the synthesis of new 2-D materials. Lastly, the MOCVD process described in 
the Section 7.3.3 is worked out to produce only ultra-thin layers of the top 2-D 
layers, while the HBT needs the emitter layer of approximately 100 nm thickness 
in order to supply sufficient amount of carriers during the transistor operation. Our 
MOCVD method is not suitable for the deposition of such thick layers (100 nm) of 
2-D materials. For these reasons, we chose the MBE process of a 3-D 
semiconductor as a route to fabricate the last, top layer in the trilayer structure of 
an HBT. Thus, we focus further on the 3-D/2-D/3-D heterostructures.  

8.2 Top 3-D Layer Deposition Method: MBE Growth 

The growths of the top layer of GaN in the trilayer 3-D/2-D/3-D heterostructure 
were conducted in a Varian Gen II plasma assisted molecular beam epitaxy (PA-
MBE) reactor in the CCDC ARL’s Electro-Optics & Photonics Division (Fig. 40). 
The Al source is a Veeco 400-g Al SUMO effusion cell with a pyrolytic h-BN 
crucible. The Ga source is an E-Science extended capacity Titan source with a 
graphite crucible. The N source is a Veeco Uni-bulb plasma source with an aperture 
designed for growth of small sample sizes less than 6 cm2. The group III metal 
sources evaporate their respective atomic sources through evaporation of a liquid 
metal, whereas the N source uses N2 gas. The Gen II design includes a load-lock 
for loading and unloading substrates, a buffer chamber with a wagon wheel style 
sample holder with two substrate heaters for thermal cleaning, and a growth 
chamber where the sources, substrate heater and manipulator (continuous azimuthal 
rotation [CAR]), and primary vacuum pumps reside. The minimum load-lock 
vacuum pressure is 5E-9 Torr, the buffer chamber vacuum pressure is 3E-10 Torr, 
and the growth chamber pressure is approximately 4E-11 Torr.  
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Fig. 40 Diagram of the MBE deposition system used for the GaN growth 

We began our investigation of the growth of GaN on MoS2 by PA-MBE by using 
conditions that have been shown to be effective for growing low-temperature GaN 
on silicon carbide (SiC). A low growth temperature in this case was chosen to limit 
the thermal decomposition of MoS2 prior to the commencement of epitaxial growth. 
An initial Ga beam equivalent pressure (BEP) of 1.6E-7 Torr was chosen, which 
provides an atomic flux of 2.6E14 atoms/cm2/s, or approximately 180 nm/h. This 
flux was chosen to provide a stoichiometric flux, equivalent to the arrival rate of 
active N provided by the N plasma source. The N plasma source flow was  
0.40 sccm and RF power 300 W, which provides an N limited growth rate of  
180 nm/h.  

The ratio of Ga to N atomic fluxes and the substrate temperature were found to be 
critical parameters for the successful growths of GaN on top of MoS2. In 
conventional MBE growths of GaN on 3-D substrates, the preferred substrate 
temperatures are usually above 600 °C and the Ga/N flux ratio is kept to be above 
1 in order to achieve a high-quality GaN crystal. In our first experimental growths 
using these conventional parameters, we found out that the MoS2 layer was 
completely etched away as determined by Raman imaging. Also, the GaN film was 
of poor texture and poor crystallinity. To overcome these problems, we have 
invested a considerable effort into the development of a nonstandard GaN growth 
method that is compatible with MoS2 substrates that we used.  

We have established a collaboration with the group of Prof Siddharth Rajan at the 
Ohio State University who had experience with the MBE growth of GaN on top of 
MoS2 (specifically, sapphire/MoS2). Since sapphire is not a semiconductor, Rajan’s 
group had achieved the synthesis of 3-D/2-D semiconductor heterostructures and 
still were working, in parallel to our project, toward the synthesis of trilayer 3-D/ 
2-D/3-D structures. It has been pointed out to us by the Rajan’s group that, in order 
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to prevent Ga atoms from etching away the MoS2 layer, one needs to keep the Ga/N 
atomic flux ratio below 1. Additionally, the substrate temperature needs to be kept 
at or below 550 °C. The results of Rajan’s experimental growths of GaN on MoS2 
are summarized in Fig. 41. These results are in agreement with the successful 
growth of GaN on MoS2 reported in the literature by Tangi et al.,84 where a 500 °C 
substrate temperature and N-rich flux ratio were used (Ga BEP 2.1e-8 Torr). 

 

Fig. 41 MBE growth results of GaN on sapphire/MoS2 substrates. Black dots depict the 
growths where MoS2 survived and gray dots are the growths where MoS2 got etched away. 
The line shows the parameter area of successful growths. (Courtesy of the Prof Siddharth 
Rajan group at the Ohio State Univ. [2017].) 

Guided by these experimental data, we have developed an MBE growth process at 
550 °C substrate temperature and with a N-rich flux ratio. The growth conditions 
corresponding to the best morphology were using a BEP of 3.5E-8 Torr, which is 
equivalent to 5.4E13 atoms/cm2/s, or 45 nm/h. These conditions were surprising 
given that excess N typically leads to very rough, 3-D growth on traditional 
substrates. More work needs to be done to explain how such conditions lead to 
smooth 2-D GaN films when grown on MoS2. We have demonstrated first 
successful growths of GaN on GaN/MoS2 substrates. Figure 42 shows the SEM and 
AFM images of the GaN surface in the sapphire/GaN/MoS2/GaN heterostructure 
as well as a cross-sectional view of the GaN/MoS2/GaN trilayer covered with a 
protective Pt coating. Due to the ultra-thin dimensions, the MoS2 is not visible on 
this cross-SEM image. The Raman measurements in the following section prove 
the presence of the MoS2 layer and the crystalline GaN nature of the top MBE layer. 
The AFM-measured RMS roughness of the top GaN surface is 1.0 nm. Some 
porosity and elevated roughness are observed in the SEM and AFM 
characterization. These GaN film properties are somewhat inferior to the properties 
of GaN crystals MBE-grown by standard high-temperature, Ga-rich techniques that 
work for sapphire and 3-D semiconductor substrates. Further optimization of the 
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MBE process on 2-D semiconductors might improve the GaN film structure. 
Nevertheless, our results of the first, wafer-scale synthesis of a GaN/MoS2/GaN 
trilayer structure with ultra-thin 2-D semiconductor embedded in it represent an 
important step forward toward the utilization of 2-D semiconductors in high-
performance electronic devices. More characterization of these trilayer 
heterostructures follows. 

 

Fig. 42 Primary nano-characterization of the MBE growth of GaN on top of the GaN/MoS2 
substrate. a) SEM and b) AFM images of the top GaN surface. Roughness RMS = 1.0 nm.  
c) Cross-sectional SEM. 

8.3 Characterization 

8.3.1 Raman Measurement 

GaN layers were grown by MBE on top of GaN (MOCVD substrate)/MoS2 
structures and the quality of the resulting trilayer stack was first checked with 
Raman spectroscopy. It was found that the GaN layers grown by Ga-rich MBE 
result in the removal of the MoS2 layer and poor-quality GaN layer. The removal 
of the MoS2 was deduced from the disappearance of the characteristic MoS2 
spectral lines shown in Fig. 43a as the “pre-top GaN” curve. The disappearance of 
the MoS2 modes reflected the fact that the MoS2 was etched away during the  
Ga-rich GaN growth. The Raman GaN mode of the GaN (MOCVD 
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substrate)/MoS2 structure is shown in Fig. 43b as the “pre-top GaN” curve. After 
the Ga-rich GaN growth the Raman GaN mode showed the presence of the weaker 
broadened peak. The new peak was due to the new GaN material and the 
broadening was the evidence of the deteriorated crystal quality. 

 

Fig. 43 Raman spectra of the GaN/MoS2 substrate with and without the top MBE N-rich 
GaN. a) The MoS2 Raman lines prove that the MoS2 layer is preserved in the MBE process. 
b) The Raman GaN line is unchanged after the MBE GaN growth. The quality of the top MBE 
GaN appears in Raman spectra the same as the quality of the MOCVD GaN substrate. 

After we worked out the N-rich MBE growth process for GaN, the aforementioned 
problems with the MoS2 etch and GaN line broadening were overcome. Figure 43 
demonstrates the Raman lines for the GaN/MoS2 substrate and GaN/MoS2/GaN 
trilayer when the top layer was grown by the N-rich MBE process. The MoS2 modes 
are clearly present in the trilayer stack (“post-top GaN” curve). Some broadening 
of the MoS2 peaks is present meaning that the MoS2 quality is slightly affected in 
the growth process, but the presence of the robust MoS2 layer stack is undisputable. 
The GaN mode of the trilayer stack (Fig. 43b, “post-top GaN” curve) is apparently 
unaffected by the MBE growth meaning that no deterioration of the top GaN layer 
is detectable by Raman.  

8.3.2 TEM: Cross-sectional Study of GaN/ML-MoS2/GaN 

The quality of the 3-D/2-D/3-D trilayer structure was studied with cross-sectional 
STEM. The STEM images are shown in Fig. 44. The bottom substrate is an n-GaN 
wafer grown by MOCVD by the NTT-AT company. Four molecular layers of MoS2 
are seen in the center of the TEM images. The crystal planes right above the MoS2 
stack are the GaN, which was deposited by a N-rich MBE process at CCDC ARL. 
The dark amorphous layer below the MoS2 and above the GaN substrate was 
determined by EDX to be S. The presence of an amorphous S layer is an obstacle 
for the electron transport. The layer thickness is near 1.5 nm. It is thin enough for 
an HBT device to operate and show amplification. This S layer will need to be 
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reduced or eliminated in the future as a part of the optimization of the performance 
of the HBT device. 

 

Fig. 44 The trilayer 3-D/2-D/3-D structure for HBT. (Top): The bipolar transistor 
schematic. (Bottom, right): TEM of the GaN/MoS2/GaN heterojunction. 

8.4 Summary 

The STEM and other microstructural analyses confirm that we have synthesized 
the trilayer 3-D/2-D/3-D semiconductor structure, which can be used for the 
fabrication of a vertical 2-D/3-D HBT. We believe this is the first demonstration of 
a 3-D/2-D/3-D semiconductor heterostructure. This is an important step toward the 
implementation of 2-D crystals in high-speed electronic devices. 

9. 2-D/3-D Bipolar Devices 

9.1 The Microfabrication of the Devices 

Our objective is to fabricate 2- and 3-terminal bipolar semiconductor devices. 
Specifically, we aim to make GaN/MoS2 bipolar diodes and GaN/MoS2/GaN HBT. 
The MoS2 has to be of a few layer thickness in order for MoS2 to sustain its bulk 
semiconductor properties in the device. To make an electrical contact to the base 
(MoS2) of the HBT without applying the same potential to the collector (bottom 
GaN), we place SiO2 insulating pads on the bottom GaN. In the Fig. 45, the metal 
pad M1 makes a contact to the bottom GaN substrate, the ring-shaped pad M2 is 
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separated by SiO2 from the bottom GaN and contacts the MoS2 layer. In the HBT 
design in Fig. 45a, the pad M3 contacts the top MBE-grown GaN, which serves as 
an emitter. 

 

Fig. 45 a) Diagram of the cross section of the GaN/MoS2/GaN HBT. b) Optical image of a 
fabricated GaN/MoS2 diode. The scale bars are 40 μm. 

After the SiO2 pads are fabricated on GaN, we grow the MoS2 by MOCVD as a 
blanket on all the substrate and let it go over the GaN substrate and SiO2 pads. The 
metal contacts M2 to the MoS2 will be placed at the locations where the SiO2 pads 
are under the MoS2. Thus, the collector is isolated from the base in the location 
where the contact to the base is made. For the 2-terminal devices, the fabrication is 
stopped at M2, and the top GaN and M3 are not made (Fig. 45b). M1 pads are made 
as large-area contacts to the GaN substrate at the corners of the wafer. The large 
area (>1 mm2) of the M1 contact provides low contact resistance, which is 
negligible even if the contact is non-ohmic. 

The microfabrication of devices starts with a 3-inch wafer of GaN (1-μm-thick, 
doped n/n+ via Si or p via Mg) deposited via MOCVD by NTT-AT (Japan) atop 
500-μm c-plane SSP sapphire. The wafer is coated with protective layer of 
photoresist (AZ5214) soft baked at 110 °C for 2 min. Once the wafer has been diced 
into 10- × 10-mm pieces, the photoresist is washed away with acetone. A layer of 
approximately 200 nm of PMMA A4 is spun at 2000 rpm and baked at 180 °C. 
EBL (Vistec EBPG5000+ES) is used to create a marker layer defined in AutoCAD 
2018LT. The pattern is developed in a 1:3 MIBK/IPA solution for 75 s. Blanket Ti 
metal is deposited at room temperature via electron beam evaporation (CHA) with 
a base minimum pressure of 1E-6 Torr. A liftoff process in a hot acetone bath at  
50 °C for 1 h is used to remove the excess metal. Ti is used over other metals for 
two processing purposes. First, Ti metal has high contrast in the SEM/EBL to our 
GaN surface, which is essential to the marker layer. Secondly, Ti creates a thick 
oxide layer effectively making the metal inert for the later growth process.  
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A rigorous cleaning procedure is then performed. Substrate pieces are placed in a 
PRS3000 (Transene Company, Inc.) bath at 80 °C for 15 min followed by a new 
room temperature PRS3000 bath, which is sonicated for 5 min. Each piece is rinsed 
in a water bath followed by 5-min room temperature baths in acetone then IPA. 
AFM confirms the cleanliness of the GaN surface showing little to no photoresist 
residue and a clear picture of the GaN surface. 

Once the substrates are cleaned, a plasma enhanced chemical vapor deposition 
(PECVD) process is used to deposit 100 nm SiO2 at 250 °C (Plasma Therm 790+) 
with a deposition rate approximately 50 nm/min. We use 100-nm thickness for 
sufficient electrical separation from the MoS2/GaN terminals and refraction of that 
thickness is useful for tools like Raman spectroscopy. Once deposited and cooled a 
layer of approximately 200 nm of PMMA A4 is spun at 2000 rpm and baked at  
180 °C. EBL is used to define the SiO2 mesa area, developed the same as described 
previously, then etched using a wet buffered oxide etch (6:1 hydrofluoric acid 
[HF]/ammonium fluoride [NH4F] ) with an etch rate of approximately 70 nm/min 
for 2 min and rinsed in water multiple times to halt the etch. The PMMA is removed 
with a hot acetone bath at 50 °C for 1 h. AFM confirms the height of the SiO2 ring 
structure, as well as the roughness of the SiO2 and GaN surfaces.  

To assure a clean surface for MoS2 deposition, the sample is boiled in Remover PG 
at 80 °C for 3 h and inspected with an optical microscope. Multiple rounds of 
Remover PG may be used if the surface is not clean. To confirm the quality of the 
surface, AFM is used to see the terraces of the GaN substrate and confirm no resist 
residues.  

The samples are then sent to Kehao Zhang in the Prof Josh Robinson’s group at 
PSU for MoS2 growth via MOCVD as described in Section 7.2. Once the samples 
with the blanket MoS2 layer are received back from PSU, we use the Ti alignment 
marks to pattern MoS2 into circles and fabricate M2 ring metal contacts (see  
Fig. 42). Specifically, a layer of PMMA is deposited by methods mentioned 
previously. EBL is again used to define the mesa of the MoS2, which is then etched 
using a reactive ion etch (RIE) (on Ulvac NE550e) using 30 sccm of chlorine (Cl2) 
+ 5 sccm of O2 followed by a subsequent O2 etch step to descum the resist top layer. 
In Chipara et al.,131 this Cl2 etch is developed to etch MoS2 in a more clean manner 
than an O2 etch alone or a CH4+O2 chemistry, which effects SiO2, critical to device 
reliability.  

The PMMA is then washed away with acetone and another layer of PMMA is 
deposited for the contact layer. EBL defines the contact layer and a blanket  
15-nm Ti/85-nm Au metal (M2 in Fig. 42) is deposited via e-beam evaporation. In 
the work of Mazzoni et. al.,132 they show the Ti/Au contact to MoS2 to have the 
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least contact resistance when performing transfer length measurements. A liftoff 
process of heated acetone removed excess metal from the pattern. 

Considering the contact to the GaN substrate, ideally, metal‒semiconductor 
contacts should be ohmic contacts; however, due to SBs/p-n junctions most 
contacts to semiconductors are non-ohmic. Using the resistance for a regular 3-D 
semiconductor, such as GaN, we can make a low-resistance non-ohmic contact by 
increasing the area A of the contact: 

 𝑅𝑅𝐶𝐶 = 𝜌𝜌𝐶𝐶
𝐴𝐴

 , (3) 

where 𝜌𝜌𝐶𝐶  is, likely non-ohmic, contact resistivity. For n-GaN wafers making the 
contact area A larger than 1 mm2 is sufficient for the voltage drop on the M1 contact 
resistance to be negligible with respect to the voltage drop on the MoS2/GaN diode. 
Thus, the M1 contact resistance can be neglected. For the p-GaN wafers, the 
electron energy band misalignment between p-GaN and metal resulted in larger 
contact resistance unless a specific recipe is used to produce the p-GaN “ohmic” 
contacts.133 We note here that all our contacts to GaN wafers were strictly speaking 
non-ohmic. The “ohmic” recipe yielded contacts to p-GaN with greatly reduced 
resistances, which allowed us to neglect the back contact resistance in the analysis 
of the electrical properties of the devices. The “ohmic” recipe involved a nickel 
(Ni)(15 nm)/Au(85 nm) stack for the contact followed by a specific anneal. 
Additionally, the p-type carrier density was reduced in the p-GaN wafer during the 
MoS2 MOCVD process due to the presence of the H2 in the process. The lower 
carrier density resulted in higher back contact resistance (the resistance between 
M1 and the pGaN/MoS2 interface of the diodes). Therefore, we used the Ni(15 
nm)/Au(85 nm) structure for “ohmic” (low resistance) M1 and employed the anneal 
process described to reactivate p-carriers in the p-GaN wafer.  

The first step to fabricate a low-resistance corner contact to GaN was to place a 
drop of photoresist (AZ5245) cured overnight on the device area. The resist is used 
as a mask for the device area. The same Cl2 RIE etch is used on the outside of the 
device area to etch away and clean the GaN surface. Once the photoresist is 
removed, an Al foil mask is created to deposit large-area Ni/Au contacts on the 
corners of the device substrate. Ni/Au contacts were deposited following the recipe 
for the ohmic contacts to GaN.133 The n-type GaN/p-type MoS2 device can be tested 
as is and the p-type GaN/MoS2 is annealed in an argon environment at 650 °C for 
20 min to finish the ohmic contact fabrication and reactivate the p-carriers (Mg 
dopant) in the GaN lattice in the same anneal. Both p-GaN and n-GaN diode devices 
are ready now for testing. 
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9.2 Two-terminal Devices 

MoS2/GaN diodes were microfabricated on GaN wafers of 1 × 1 cm size.  
Figure 46 shows optical images of the whole GaN wafer with 50 devices and an 
enlarged view of several devices. The blue circles represent working devices and 
black circles are corrupted devices due to the microfabrication problems. The gold 
ring is the top metal contact M2. The large M1 contacts to the GaN substrate are 
not imaged since they were placed in the corners of the wafer after the optical 
imaging.  

 

Fig. 46 Optical images of a n-GaN wafer with fabricated GaN/MoS2 diode devices. (Left) 
Whole wafer (1 × 1 cm) with 50 diodes. (Right) Zoom-in on several devices. The horizontal 
spacing between the centers of circles is 500 μm. 

Electrical testing of the diodes was done between the M1 and M2 contacts, denoted 
in Fig. 45. Representative I-V curves are shown in Fig. 47. The diodes of both 
polarities (pn and np) were fabricated using n-GaN and p-GaN wafers. As-grown 
MoS2 is naturally n-doped, so that undoped MoS2 was used on a p-GaN wafer. To 
create a pn-junction with n-GaN, p-doping of MoS2 was required. To achieve the 
p-doping of MoS2, a Mg precursor was added to the MOCVD system during the 
MoS2 growth, as described previously.  
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Fig. 47 I-V characteristics of the GaN/MoS2 diodes. a) and b) p-GaN/MoS2 diodes with 
unintentionally n-doped MoS2. c) and d) n-GaN/p-MoS2 with niobium (Nb)-doped MoS2. a) 
and c) are linear I-V and b) and d) are log I-V. 

The I-V curves for the p-GaN/MoS2 diodes plotted on linear (Fig. 47a) and Log 
(Fig. 47b) scales show clear rectification. The bias axis corresponds to the electrical 
potential applied to the M2 ring electrode, thus the MoS2 side of the pn-junction. 
Therefore, the observed rectification polarity corresponds to the negative potential 
on MoS2 for the forward bias, as expected for the fabricated p-GaN/MoS2 diode. 
The linear Log(I)-V segment on the forward bias (i.e., the stretch between ‒2 and  
‒5 V on Fig. 47b), a relatively high degree of rectification, and low activation 
voltage indicate the pn-junction behavior as opposed to other physical mechanisms, 
such as SB rectification. The reason of the change of slope at ‒2 V on the log scale 
is not confirmed yet, but believed to be due to the non-ohmic back contact to  
p-GaN. The latter assumption is based on the thorough electrical characterization 
of the diodes made in the previous batches where the poor, non-ohmic contacts to 
p-GaN were making a considerable contribution to the I-Vs up to ‒5 V. Our efforts 
to decrease the resistivity of the M1/p-GaN contacts and bulk resistivity of p-GaN 
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(described in the previous section) led to the decrease of this undesirable influence 
of the back contact down to ‒2 V, as shown in Fig. 47b.  

The I-V curves for the n-GaN/p-MoS2 diodes are plotted on linear and log scales in 
Fig. 47c and d. The n-GaN wafer consists of two GaN layers, where the top layer 
is doped n=1E16 cm‒3 to create a pn-junction, and the bottom layer is doped  
n=1E19 cm‒3 to provide low voltage drop on the substrate from M1 to the diode. 
The highly conducting GaN layer also provides low contact resistance M1/n-GaN. 
As the result, the distortions from the exponential behavior start only below 0.04 V 
for the n-GaN diodes and the distortions are less dramatic (compare Fig. 47d and 
Fig. 47b). Overall, the I-V displays rectifying behavior with the rectification 
direction characteristic to pn-junction, also displaying low activation voltage and 
exponential behavior above 0.04 V. These observations indicate again that our 
fabricated devices operate as pn-junction diodes. However, more testing is needed 
to ascertain this conclusion.  

The importance of these results on 2-terminal 2-D/3-D bipolar devices is the 
following: 

• These are the first (to our knowledge) working vertical bipolar 2-D/3-D 
diodes made from synthesized materials. Synthesized materials (as opposed 
to geological materials) allow for precise control on impurities needed for 
high-performance devices. 

• The bilayer 2-D/3-D structures are grown as a stack, so that no mechanical 
transfer was involved. The mechanical transfer of 2-D crystals is commonly 
used in the scientific community to make devices from 2-D materials and 
results in contaminations, structural defects, and small sizes of the 2-D 
material available for devices. These drawbacks are currently a major 
obstacle that prevents 2-D devices made by mechanical transfer method 
from finding way in the commercial applications. On the other hand, our 
devices were synthesized and fabricated with the processes currently used 
in the semiconductor device industry. 

• Our materials are uniform over the entire wafer (presently 1 × 1 cm). As the 
result, we fabricate large-size devices (over 100 μm in the diameter of the 
active area) to achieve larger device currents in the vertical geometry. Also 
the wafer scale of our materials allows to make 50 devices (Fig. 46a) at the 
same time and study the statistics of the electrical behavior and the trends 
related to the device sizes. For comparison, typical 2-D devices reported in 
the literature employ geological material sources and mechanical transfer 
and are limited to only a few small devices (<100 μm, often ~5 μm) per 
wafer.134 
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• Both polarities of pn-junction diodes are fabricated, pn and np, which 
demonstrates the versatility of our approach. Also both polarities are needed 
for the design of more complex bipolar devices.  

• Our 2-D/3-D devices are not affected by the metal proximity because the 
metal contacts to 2-D are made on the side of the devices and the active  
2-D/3-D junctions do not have metal pads on top of 2-D. Therefore, the 
metal proximity effects (i.e., when the metal/2-D/3-D junction behavior is 
affected by the metal/3-D junction due to the “electronic transparency” of 
ultrathin 2-D, as described in Section 6) are eliminated in our devices. 

• Lithographical definition of 2-D/3-D microdevices with large contact pads 
allows the testing of them on a standard probe station without the need of 
nano-characterization tools, like CAFM or SEM nanoprobes (Sections 5 
and 6).  

• Vertical device geometry provides the potential for larger testing currents 
and short electron paths needed for fast operation. 

9.3 Three-terminal Device 

We described in Section 9.2 the microfabrication steps to produce 2-terminal  
2-D/3-D diodes. To make a three-terminal bipolar transistor, we continue 
processing the chip. SiO2 pattern is fabricated by EBL with PMMA, ion beam 
sputtering of SiO2, and liftoff. Ion beam sputtering process produces dense 
dielectric films while maintaining a room-temperature deposition needed for the 
preservation of the EBL resist and 2-D layer, which is an advantage compared to 
the SiO2 grown by a PECVD process. This pattern of SiO2 is needed to serve as a 
hard mask during a subsequent GaN growth and etch. After the SiO2 pattern 
deposition, only the areas are left open where the top layer of GaN is needed to be 
deposited to serve as the emitter of the HBT.  

Next, high-quality GaN (doped n via Si or p via Mg) for the top third terminal in 
the HBT is grown by MBE in the Electro-Optics & Photonics Division of CCDC 
ARL. The MBE growth process is described in the Section 7.2. In order to etch the 
top GaN emitter above the base contacts, another layer of PMMA is put down. 
Next, an EBL patterning defines where we need to etch. While PMMA protects the 
central device area, the GaN at the periphery is etched using an RIE flowing  
50 sccm of Cl2 and 50 sccm of BCl3 with a power of 500 W. The etch was calibrated 
with previous tests to provide an etch rate of 7.1 nm/s. SiO2 under the GaN and 
above MoS2 acts like a hard mask during GaN etch only etching approximately 
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0.02 nm/s, which helps us to accurately etch the correct amount of GaN. The chip 
is then cleaned with acetone at 50 °C for 1 h.  

Another layer of PMMA is deposited to define the Ni/Au contact to the emitter, 
which is deposited using e-beam evaporation. A liftoff process removes leftover 
metal and a final layer of PMMA is spun onto the chip. The base contact layer is 
redefined using EBL, where SiO2 is washed away from patterned PMMA areas 
using a buffered oxide wet etch.  

An optical image of 3-terminal devices in the middle of the fabrication process are 
displayed in Fig. 48. The top GaN layer is still to be deposited. The 15 circles in 
the center will be the MoS2 active areas of the transistors and the circles on the 
periphery will be the test structures needed to characterize various material 
parameters in the device components, such as leakage through dielectric, contact 
resistances, and so on.  

 

Fig. 48 An optical image of 3-terminal devices at the transitional stage of the fabrication 
process before the top GaN growth. The double-circled rectangles will contain 15 transistors 
and the single-circled rectangles are test structures. The horizontal spacing between the 
centers of circles is 500 μm. 

The fabrication of 3-terminal devices is still work in progress and the first complete 
HBTs are expected to be fabricated in the next months. 

9.4 Summary 

We have developed a design and microfabrication process for making vertical 
GaN/MoS2/GaN HBTs with an ultra-thin base made of 4‒5 molecular layer MoS2. 
We have validated all major critical aspects of the design, which makes it likely 
that our design and microfabrication process will produce a working HBT. In 



 

94 

particular, 2-D/3-D diode behavior was demonstrated for the all-synthesized 
heterostructure without mechanical transfer. The np bipolar junctions were 
successfully implemented with unintentionally doped MoS2 and p-doped GaN. 
Ohmic contacts to p-GaN were tested and carrier reactivation of holes in p-GaN 
was worked out at the process conditions compatible with the 2-D semiconductor. 
The pn bipolar junctions were successfully developed with n/n+ GaN and p-doped 
MoS2. The development of the process of the Mg doping of MoS2 was critical for 
this type of junctions.  

Several properties of 2-D semiconductors were explored that are essential for 
fabricating complex semiconductor devices. Specifically, we demonstrated that 
SiO2 pads can be used to separate the MoS2 from the GaN substrate in the areas 
away from the active part, which allows us to create an electrical connection to the 
MoS2 base, but not the bottom GaN (collector). Our tests showed that MoS2 
continuously bridges from the GaN substrate up onto the SiO2 pads without the loss 
of electrical connection. The SiO2 pads support the MOCVD growth of MoS2 and 
at the same time maintain their integrity as electrical insulators. We have developed 
several candidate metals for the base contacts that must adhere to the 2-D layer and 
endure the subsequent MBE growth of GaN.  

We have demonstrated the successful MBE growth of the top GaN layer in the 
trilayer 3-D/2-D/3-D stack (see Section 8). We have developed the doping process 
for the MBE GaN to produce the carrier density in the emitter desired for the 
successful operation of the HBT (n = 5E18 cm‒3 for the n-p-n HBT). 

Our project has targeted the fabrication of the 3-D/2-D/3-D HBT device. We have 
fabricated 70% of the devices up to the base layer and contacts. We have worked 
out most of the critical aspects of the device related to the novelty of this 
semiconductor system and fabrication process. The first completed HBTs are 
planned to be fabricated in a month or two, and a few more month would be needed 
to for the optimization of the HBT device components needed to achieve the 
amplifying behavior. It is still to be determined whether these new concept HBTs 
will actually display performance advantages as expected due to their unique 
qualities over the conventional 3-D semiconductor HBTs.  
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10. Additional Computational and Theoretical Studies 

10.1 Applicability of Large-scale Atomistic Tool for 2-D/3-D 
Simulation 

The epitaxial growth approach implemented for our MoS2/GaN heterostructure 
growth is possible mainly due to the small in-plane lattice mismatch (<<2%) 
between the MoS2 and GaN layers. This lattice mismatch at the interface and the 
interlayer vdW force between the layers, collectively, contribute to a small 
misorientation angle between MoS2 and GaN during growth. These vdW 
interactions also contribute to the misorientation of layers during multilayer 2-D 
material growth. Though the misorientation between 2- and 3-D layers has never 
been observed in 2-D/3-D heterostructure due to complexity in characterization, we 
do anticipate a systematic but controllable variation in misorientation angle 
between the 2- and 3-D layers, a feature common in 2-D/2-D homo- and 
heterostructures. In the case of the 2-D materials, two lattices stacked with an 
arbitrary twisting angle form a periodic, or commensurate, structure at particular 
discrete angles. However, as the length of the periodic lattice vectors of the 
supercell grows exponentially with decreasing misorientation angle, going from a 
few 10’s to 100’s of atoms (angstroms to nanometers) for higher angles to several 
thousand atoms for smaller angles (multi-nanometer), the physical properties of 
misoriented heterostructure are sensitive to interfacial commensurability. Though 
these systems are intriguing for material of choice for both basic and applied 
applications, a fundamental study, using atomistic modeling, of the twist-angle-
dependent features such as layer-to-interaction, band sensitivity, and band 
alignment are crucial in realizing their full potentials. Nevertheless, the explosive 
growth in the commensurate supercell size with decreasing misorientation angle 
limits the theoretical study of these materials with common ab initio codes such as 
VASP and Quantum Espresso (QE).  

One of the key features of 2-D materials, such as MoS2, WS2, WSe2, and so on, is 
their capability to transition from an indirect bandgap in the bulk to a direct bandgap 
as the material shrinks to a single layer. This is due to out-of-plane quantum 
confinement and layer-to-layer coupling. Additionally, these 2-D layered materials 
exhibit electronic and optical properties that depend upon interlayer vdW 
interactions brought about by the specific configurations from layer stacking and 
alignment.  

Motivated by these factors, we have conducted a large-scale first-principles study 
of the electronic properties of the misoriented bilayer 2-D materials using the CP2K 
program (https://www.cp2k.org/). Using the highly efficient and scalable features 
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of CP2K, the material and device related properties such as lattice parameters, vdW 
gaps, band levels, band offsets, electron affinity, and WFs as a function of the 
misorientation angles have been calculated and analyzed. This methodology allows 
us to apply accurate DFT calculations, as opposed to current state-of-the-art 
techniques that rely on extrapolation and fitting, to small-angle misoriented layers 
with thousands of atom unit cells and gives a path to multiscale structural to 
electrical properties studies necessary for designing materials with desirable 
electronic properties.  

10.1.1 Method/Tools: CP2K 

CP2K is an atomistic and molecular simulations tools software for solid, liquid, 
molecular, and biological systems. It contains a general framework that combines 
different methods such as DFT using a mixed Gaussian and plane wave approach 
(GPW) and classical method using many-body potentials. The linear scaling of self-
consistent energy and force convergence in this method is achieved by using 
Quickstep method, which combines the advantages of two representations of the 
density in terms of Gaussians and plane waves (PWs). The PW implementation, 
which is also found in other popular tools such as VASP and QE, provides benefit 
by using a simplified calculation of Hartree potential and efficient conversion of 
real and reciprocal space representation of the electronic density using FFT. The 
hybrid approach combining localized and PW method results in reduced number of 
basis functions required in Kohn‒Sham equations, and consequently, sparse Kohn‒
Shan Matrix, a feature suitable for handling larger systems.  

For our study, we employed we employed a 1000 Rydberg energy cutoff, with the 
MOLOPT basis sets135 (specifically; Mo: DZVP-MOLOPT-SR-GTH, S: DZVP-
MOLOPT-GTH) and GTH pseudopotentials,136‒137 using the revPBE,68,138 DFT 
with Grimme’s D3,139‒140 and vdW correction. To speed up the simulation, orbital 
transformation (OT) diagonalization141 was used. When computing the Fermi 
energies and molecular orbitals, a 300 K Fermi-Dirac smearing was used with no 
OT diagonalization. To maintain consistency and avoid any method or parameter 
dependent discrepancies during comparison, we have also employed similar 
methods for during VASP and QE simulations. For the VASP and QE simulations, 
we have employed PAW-PBE functional with Grimme-D2 method for vdW 
corrections. Convergence tests on energy cutoff, k-points, and screening parameters 
were performed to identify suitable parameters for our simulations. 
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10.1.2 Benchmarking 

10.1.2.1 Structural Properties of vdW Materials 

Structural properties such as lattice constants and vdW gap between the layers are 
crucial parameters that defines CP2K’s applicability into the 2-D materials and their 
heterostructures domains. In the following sections, we provide a detailed 
comparison of the structural properties predicted by CP2K against the results from 
VASP and QE. 

10.1.2.1.1 Lattice Parameters 

In this study, we compare lattice parameters of single (1L), bilayer (2L), trilayer 
(3L), and bulk MoS2 produced by CP2K, VASP, and QE and compare their results 
with available experimental data. Table 6 summarizes our findings. 

Table 6 Lattice parameters comparison of VASP, QE, CP2K and experimental values. 
Experimental values are taken from Huang et al.142 

 

The bulk in-plane lattice constants (a and b) for MoS2 produced by all three 
methods are consistent with the available experimental values. Particularly, the 
CP2K optimized in-plane lattice constants are closer to the experimental values. 
VASP and QE overpredicted in-plane lattice parameters. Overall, all three methods 
consistently predicted in-plane lattice parameters within ±1% of the experimental 
values for the bulk MoS2. In addition, all the three methods successfully predicted 
out-of-plane lattice (c) constant within the ±1% of the experimental value. For the 
1L system, all the three methods overpredict lattice parameters as compared to the 
experimental values. Though the experimental data for the multilayer MoS2 are 
currently unavailable, it is evident from Table 6 that the CP2K method predicted 
parameters for these systems are consistent with VASP and QE. In conclusion, the 
CP2K method is capable predicting lattice parameters for bulk as well as layered 
2-D materials.  

10.1.2.1.2 vdW Gap 

Layered 2-D materials and their heterostructures are characterized by their planar 
structures held together by strong in-plane covalent bonds and weak out-of-plane 
vdW forces. Because of their weak out-of-pane bonding, these materials are stacked 
together to form homogeneous as well as heterogeneous quantum layered system 
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with atomically sharp interfaces between layers. The magnitude and characteristics 
of this layer-by-layer bonding is defined by the spatial separation between the 
layers, which is commonly known as vdW gap. Though it is purely a structural 
property, the vdW gap does influence other fundamental properties such as 
electronic, optical and transport properties of the multilayered 2-D/2-D, as well as 
2-D/3-D, systems and allows researchers to explore novel collective quantum 
phenomena at the interfaces. So, correct prediction of vdW gap is a crucial 
requirement in achieving successful modeling of 2-D/2-D and 2-D/3 systems. 

To test CP2K’s capability in predicting vdW gap in homogeneous and 
heterogeneous 2-D materials, we have optimized three widely studied bilayer 
systems: a) bilayer graphene, b) graphene/h-BN, and c) 2L MoS2 systems (Fig. 49). 
The simulated models are illustrated in the insets of Fig. 49. The spatial distance 
between the constituent layers is extracted as the vdW gap between the constituent 
layers. The resultant vdW gaps predicted by VASP, QE, and CP2K methods are 
plotted and compared with the available experimental vdW values. 

 

Fig. 49 vdW gaps for 2L, 3L, 4L, and bulk MoS2 predicted by VASP, QE, and CP2K 
methods. Experimental values are taken from Zacharia et al.,143 Pan et al.,144 and  
Huang et al.,142 respectively. 

In the layered MoS2 homogeneous bilayer system, all three methods predict the 
vdW gaps close to the experimental value. For the bilayer graphene and graphene/h-
BN systems, all three methods underpredict the vdW gap, as compared to the 
available experimental data. For the bilayer graphene system, VASP and CP2K 
methods yield similar vdW gaps (i.e., ~3.15 Å), which is smaller than the 
experimental gap. The magnitude of the vdW gap predicted by QE for this system 
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is 3 Å, approximately 10% smaller than the available experimental values. On the 
contrary, for the graphene/h-BN system, QE predicted vdW gap (3.15 Å) is larger 
than the gaps predicted by VASP and CP2K and closer to the experimental value 
of 3.36 Å. In summary, our comparative study of vdW gaps suggest that the CP2K 
method, which employs hybrid approach combining localized and PW methods, 
can consistently predict the vdW gaps in the various homogeneous and 
heterogeneous layered systems. 

10.1.2.2 Electronic Properties of vdW Materials 

The vdW semiconducting materials such as MoS2, WS2, and so on exhibit 
interesting electronic and optical properties. In particular, these layered materials 
manifest direct electronic gap, but transition into an indirect electronic gap 
materials when thinned down from the bulk to the monolayer form. The direct gap 
between VBE and CBE in the ML form occurs at K-point of the reduced BZ. On 
the other hand, the indirect gap in the multilayer system occurs between the VBE 
at Γ-point and CBE at K-point of the BZ. The indirect-to-direct transition of the 
energy gap characteristics is mainly attributed to the VBE edge movement at the Γ-
point. The orbital characteristics of the VBE reveals that the majority of the 
contribution to the edge states comes from the z-component of p orbitals in the S 
atoms. These out-of-plane orbitals at the VBE extend beyond the surface plane and 
are quite sensitive to the proximal layer. In addition to the VBE, interlayer 
interaction also influences the energy gap (Egap), vacuum energy level, and intrinsic 
Fermi energy level of the multilayered system.  

To examine the capability of CP2K in predicting layer-dependent electronic 
properties of vdW materials, we have calculated self-consistent charges and 
corresponding electronic states at the Γ-point. Resultant states are then used to 
extract the VBE, Egap, and work function (Φ), which is defined as the energy 
difference between the Fermi-level and the vacuum energy level. The VBE and Egap 
for 1L, 2L, 3L, and 4L MoS2 are tabulated in Table 7.  
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Table 7 Layer-dependent VBEs and Egap at Γ-point for MoS2 

 

It is noted that, due to the limited implementation of the full BZ electronic structure 
calculation in CP2K, for this comparative study, we are limited to the Γ-point 
calculation. As stated previously, the CBE at K and VBE at Γ contribute to the 
fundamental indirect energy gap in the multilayer 2-D materials. Although we can 
access energy levels only at the Γ-point using the CP2K method, we can 
approximate the fundamental energy gaps in these systems using the energy 
difference (ΔCBE) between the CBE at G and K points from our VASP and QE 
calculations. The ΔCBE remains nearly constant at around 1 eV for all the 
multilayer system, including the bulk system. 

For the 1L MoS2, the simulations from the CP2K did not result in converged charge 
during the self-consistent calculation. However, for the VASP and QE resulted in 
similar values of VBE and Egap at Γ. The quantitative difference in the VBE is 
mainly due to the difference in the predicted vacuum levels. For multilayer systems, 
the VBE and Egap decreases with the increasing number of layer mainly due to 
diminishing out-of-plane confinement. For the VASP and QE, the Egap varies from 
2.45 to 2.14 eV and 2.29 to 2.14 eV. Though Egap values initially differs by 0.30 eV 
for the 2L system, it converges to 2.14 eV for the 4L system. Though similar 
converging behavior is also observed for the CP2K predicted Egap values, the 
magnitude of Egap is consistently approximately 1 eV smaller than the VASP and 
QE predicted values. The lower values of the Egap in CP2K, as compared to VASP 
and QE values, could be due to lack of full BZ charge integration feature during the 
electronic structure calculation. Since the electronic structure calculations are 
limited to G-point, the energy bands from other higher symmetry points, including 
K-point, fold at the Γ-point. The folded bands interact and repulse at the Γ-point, 
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leading to upshift (downshift) of the VB (CB) energy states, and hence, resulting in 
the reduced Egap values at the Γ-point. 

In addition to the energy gap and VBE calculations, we have also calculated layer-
dependent work function, Φ for the multilayer systems. The Φ for solid-state 
systems are mainly defined by their surface properties, particularly dangling bonds 
and associated dipoles at the surface. Since these layered systems are inert and lack 
dangling bonds at the surface, Φ should be independent of the number of layers. As 
can be seen in Table 8, though the magnitude of the Φ changes with the increasing 
layer count, the change is nonsystematic. Quantitatively, the Φ values predicted by 
VASP is higher than the values predicted by both the QE and CP2K methods. 
Regardless of the methods in use, the Φ varies with the thickness of the surface in 
these layered multilayer systems and exhibit an oscillatory behavior, similar to the 
nonlayered semiconducting systems. This is mainly due to the quantum oscillation 
of the Fermi-level of the systems resulting from the variation of the depth of the 
“effective potential”.145  

Table 8 Layer-dependent work function, Φ for MoS2 

 

10.1.3 Case Study: Misoriented 2-D Heterostructure  

10.1.3.1 Introduction 

A feature common among all 2-D materials consisting of a hexagonal lattice 
structure is that when layers are stacked together, either by mechanical stacking or 
epitaxial growth, a relative rotation between the layers is introduced due to inter-
layer vdW forces. Misorientation between the layers is an additional degree of 
freedom in assembling vdW heterostructures for our functional needs. The 
electronic properties of these misoriented heterostructures often sensitively depend 
on interfacial commensurability. The commensurability between the layers is 
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achieved by twisting layers at particular discrete angles known as magic angles. 
The size of the commensurate supercell heterostructure is inversely proportional to 
magnitude of the magic angle. We have designed commensurate misoriented MoS2 
using the method described in146 and recently used in graphene/graphene147‒148 and 
graphene/MoS2 and MoS2/MoS2 studies.149 One of the model misoriented MoS2 
bilayer system used in this study, along with an AB-stacked (oriented) MoS2 
bilayer, is illustrated in Fig. 50. The misoriented angles (total atoms) considered in 
this study ranges from 2° (2383 atoms) to 27° (78 atoms). Due to the hexagonal 
lattice symmetry in 2-D materials, the clockwise rotation of 0° to 30° between the 
layers is analogous to anticlockwise rotation of 60° to 30°. Because of the limited 
scaling feature and computational efficiency, the simulations with VASP and QE 
are limited to three angles: 27°, 21°, and 13°, and results from these simulations, 
are used for comparison against the results from CP2K. 

 

Fig. 50 AB-stacked (oriented) bilayer a and misoriented bilayer MoS2 models. Side and top 
views are illustrated side by side for visual clarity. 

10.1.3.2 Results 

In light of recent experimental report by van Der Zande and group, in their 
experiment, have attributed the shift in VBE energy levels at Γ to the variation in 
the fundamental indirect gap of the misoriented MoS2.150 Motivated by this, we 
systematically analyze the fundamental electronic properties (VBE and Egap at Γ-
point) of the misoriented MoS2 bilayer system and make an attempt to establish a 
theoretical correlation between the misorientation angle and electronic properties. 
The misoriented angle (θ) dependent electronic properties are tabulated in Table 9. 
As in the unrotated MoS2 bilayer system, the edge states contributing to Egap Γ in 
the misoriented bilayer systems are susceptible to interlayer coupling. For the first 
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three angles, the values of VBE and Egap (Γ) predicted by all three methods are 
within 1.5 ± 0.1 eV. For the angle that is less than 5°, the Egap (Γ) decreases as a 
function of the θ, going from 1.435 to 1.282 eV. Recent experimental study 
attributes this reduction in the Egap (Γ) to the rotation induced reduction of interlayer 
distance between the layers.151 Since the distance between the layers is proportional 
to the magnitude of the interlayer vdW coupling, stronger coupling between the 
layers results in the band splitting of band edges around Γ-point, and hence the 
reduction in the Egap (Γ) Furthermore, due to the repeated unit cells in the 
misoriented models, the bands folds into Γ-point contributing to the further 
reduction in the direct energy gap at Γ.  

Table 9 VBE and energy gap at Γ-point (Egap) as a function of misorientation angle (θ) for 
the misoriented MoS2 bilayer systems. 

 

For a bilayer MoS2 system, the VBE states at Γ are derived from out-of-plane pz 
and dz2 orbitals from S and Mo atoms, respectively, and are sensitive to the out-of-
plane interlayer coupling. Though the orbital characteristics of the VBE states at Γ 
in a misoriented MoS2 bilayer system are similar to that of an unrotated counterpart, 
the energy levels associated with these states exhibit nonmonotonic fluctuation with 
the decreasing θ. When the θ is between 10° and 30°, the VBE energy levels 
remains within 5.5 ± 0.03 eV. However, as the θ decreases below 10°, the VBE 
energy level decreases with the decreasing angle. This observed nonmonotonic 
fluctuation of the VBE energy level, with the θ, is consistent with the ARPES and 
PL measurements by Yeh et al.152 In this pioneering study, researchers also 
identified a need for a comprehensive simulation study that can correlate θ to the 
observed relative shift in VBE, as compared to the unrotated system. Motivated by 
this, we evaluated the relative shift in VBE (ΔVBE), defined as the energy 
difference between the VBE energy levels of unrotated and misoriented MoS2 
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bilayer systems. The magnitude of the ΔVBE determines the interlayer coupling 
strength. If the value of ΔVBE is larger, the layer should behave as two isolated 
layers and preserve their electronic properties. Consequently, smaller ΔVBE 
indicates strongly coupled layers behaving like an isolated unrotated bilayer 
system. The obtained values of the ΔVBE as a function of θ is plotted in Fig. 51. 
The ΔVBE increases linearly with the increasing θ and reaches a maximum value 
at 0.755 eV at 5.1°, an indication of weakening interlayer coupling between the 
layers. However, as the θ increases beyond 5.1°, ΔVBE decreases with the 
decreasing θ and converged to a value closer to the VBE energy level of unrotated 
bilayer system. Observed bimodal dependency of VBE, as a measure of interlayer 
coupling, on misorientation angle is consistent with the PL and ARPES 
measurements on misoriented MoS2 in Yeh et al.152  

 

Fig. 51 Relative shift in VBE as a function of misorientation angle (θ) misoriented MoS2 

bilayer systems 

In addition to the VBE and Egap (Γ), we have also calculated θ dependent WF Φ of 
the misoriented MoS2 bilayer system. The results are in Table 10. As discussed 
earlier, Φ is mainly influenced by the dipoles resulting from the charge 
reconfiguration at the surface. In addition to negligible real space strain between 
the layers in these homogeneous misoriented MoS2 bilayers systems, the reciprocal 
space momentum space mismatch between the layers exist due to lattice 
misorientation, particularly for the larger angles. The coupled effect of minimal 
strain and momentum mismatch minimizes charge transfer and states hybridization 
between the layers, leading to minimal dipole fluctuation. The insensitiveness of Φ 
to the larger interlayer misorientation angle can be inferred from the Table 9. 
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However, when the θ decreases below 13°, the Φ increases due to the real space 
momentum mismatch reduction, which prompts charge transfer between the layers.  

Table 10 WF (Φ) as a function of misorientation angle, periodic lattice vector, and number 
of atoms in the supercell for the misoriented MoS2 bilayer systems 

 

Interestingly, the Φ exhibit weak dependency to the commensurate lattice vector, a 
real-space distance between the Moire patterns in the commensurate supercell. 
These Moire patterns in hexagonal bilayer system are formed when two identical 
atoms from the constituent layers are overlaid with a relative twist and give rise to 
the periodic charge fluctuation in the surface. Consequently, Moire pattern induced 
local charge oscillation shifts the vacuum energy level, which in turn results in 
higher Φ. Furthermore, a larger commensurate lattice vector means sparse Moire 
patterns and minimal charge fluctuation, and hence large Φ. 

10.1.4 Summary and Conclusion 

In this study, we have performed a method validation study of large-scale DFT 
method (i.e., CP2K by analyzing structural and electronic properties of the layered 
homogeneous and heterogeneous 2-D materials). At first, a comparison of the 
structural parameters predicted by CP2K method for various 2-D bilayer systems 
was made against the available experimental data and results from other established 
theoretical methods, such as VASP and QE. The in-plane lattice parameters 
predicted by CP2K method were consistent with other methods and were within 
±5% of the available experimental parameters. Though the vdW gaps between the 
layers predicted by all three methods were similar, these values were systematically 
lower than the experimental values. Following the structural properties study, we 
have performed layer-dependent study of electronic properties of multilayer MoS2. 
Since the k-point implementation of the charge integration in CP2K is limited to 
the Γ-point, we have limited our study to the analysis of the two key device-related 
electronic properties, namely VBE and Egap at Γ-point and Φ. All the three methods 
consistently predicted an oscillatory fluctuation of VBE and Φ, when the thickness 
of the system varied from a monolayer to a quadlayer. The observed thickness 
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dependent oscillating feature of electronic properties in layered 2-D materials was 
similar to the one previously reported for conventional semiconducting materials 
such as Si, gallium arsenide (GaAs), and so on.  

Finally, utilizing the scalability feature of CP2K, we have also performed a 
systematic study of misorientation dependent electronic properties of the 
experimentally observed misoriented MoS2 bilayer system. The VBE and Egap at Γ-
point exhibit a non- nonmonotonic bimodal characteristics as a function of θ with 
global minima 0° and local minima between 20° and 30°, an indication of varying 
interlayer coupling in the misoriented angle range. Similar nonmonotonic 
dependency of Φ was also observed during the systematic variation of θ between 
0° and 30°. We have also established a linear correlation between the length of the 
commensurate lattice vector and the shift in VBE in the misoriented MoS2 bilayer 
system, while ascribing this relationship to the density of Moire pattern induced 
charge fluctuation at the surface.  

In conclusion, the scalable CP2K method is capable of predicting structural 
properties of 2-D homogeneous and heterogeneous materials within the 
experimental error margin. In addition to the fundamental lattice parameters of a 
larger structurer, it is highly suitable for other device related structural properties 
in 2-D materials systems, such as defect/dopant formation energy, layer binding 
energy, and layer‒substrate interaction energy. However, because of the limited 
implementation of BZ integration during electronic structure calculation, the 
electronic properties calculations are only limited to Γ-point of the BZ, limiting its 
applicability to the parameters, such as band edges at the Γ-point, energy gap at Γ-
point, and WF.  

10.2 Study on the Effect of GaN Surface Termination in a 
2-D/3-D Heterostructure 

GaN substrate used as the 3-D layer in a 2-D/3-D heterostructure can be grown 
using various experimental techniques, such as vapor phase epitaxy (VPE), MBE, 
and MOCVD. The surface morphology and crystallinity of GaN layers during 
growth is modified by the experimental growth condition. Regardless of the growth 
condition, GaN grown planes have a polar configuration (i.e., either Ga or N-polar) 
based on the surface termination type. A fundamental understanding of the 
electronic properties of these polar nitride surfaces is crucial for their application 
into the high-frequency, high-power devices. Furthermore, the surface termination 
types and degree of surface polarity of GaN surface can have important effects in 
the structural and electronic properties of the MoS2/GaN heterostructure. The most 
common surface types are 1) Ga-terminated GaN (0001) and 2) N-terminated GaN 
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(0001̅). The Ga-terminated GaN (0001) is well understood and widely used in high-
power, high-frequency applications because of their interesting properties, such as 
direct bandgap, high electron mobility, and higher surface conductivity. Though 
relatively lesser-known, the N-terminated GaN (0001̅) also possesses interesting 
electronic and optical properties.  

Over the years, we have demonstrated a successful growth of MoS2 on Ga-
terminated-GaN surface forming MoS2/GaN epitaxial heterostructures and 
characterized their structural, electronic, and transport properties. Although 
MoS2/GaN is an interesting 2-D/3-D heterostructure system with many possible 
applications requiring staggered TYPE-II band alignment, the envisioned vertical 
device geometry requires 3-D/2-D/3-D heterostructure systems that require an 
additional layer of GaN growth. An additional layer of GaN growth on top of the 
MoS2/GaN heterostructure is a complicated process involving complex growth 
process. Because of the limited information on the interfacial properties of 
GaN/MoS2/GaN heterostructure, experimental characterization and theoretical 
modeling remains a challenge. In general, the sequence layer-by-layer growth 
during heterostructure growth should not affect overall structural and electronic 
properties of the resultant heterostructure. However, for the heterostructure system 
containing polar GaN materials, the growth ordering plays an important role in 
defining the type of surface termination at the interface. Motivated by these factors, 
we perform an atomistic study of MoS2/N-terminated-GaN(0001)̅ heterostructure, 
a system analogous to the GaN/MoS2 component in the GaN/MoS2/GaN 
heterostructure and analyze its structural and electronic properties.  

10.2.1 Model: Ga- and N-terminated GaN Substrates 

The GaN crystal is of wurtzite-type crystal structure and belongs to hexagonal 
crystal system consists of tetrahedrally coordinated Ga and N atoms that are stacked 
in ABAB pattern. Using the optimized bulk lattice parameters and discussed in 
detail in the Section 5.6.1, a Ga- and N-terminated supercell is created by repeating 
along (0001) and (0001̅) directions, respectively. The atomistic models of bare and 
passivated N-terminated GaN surfaces are illustrated in Fig. 52. Bottom surface of 
the N-terminated GaN surface is passivated to maintain a valence charge balance 
and avoid interface states in the energy gap. 
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Fig. 52 Models of GaN surfaces. a) Bare N-terminated GaN (0001̅) and b) passivated N-
terminated GaN (0001̅) surfaces models 

10.2.2 Method  

The dangling bonds at the N-terminated bottom layer were passivated by pseudo-
H atoms with a charge of 1.25E in order to prevent an unphysical charge transfer 
between the top and the bottom slab surfaces. The upper three bilayers of  
N-terminated GaN (0001) were allowed to relax, while the bottom three bilayers, 
and saturating H atoms, were fixed to mimic the bulk substrate. A vacuum spacing 
of 20 Å was added along the z-axis for all the structures to minimize spurious 
interaction due to periodicity. MoS2/N-terminated GaN model is created using the 
optimized N-terminated GaN model and combining it with MoS2 single-layer 
system by following the procedure discussed in the Section 5. All the VASP (DFT) 
parameters are similar to the one used in our earlier study on MoS2/Ga-terminated 
GaN system. 

10.2.3 Results 

10.2.3.1 Structural Properties 

As part of structural properties study, we have analyzed MoS2 registry on N-
terminated GaN substrate by sliding MoS2 layer in the in-plane direction and 
forming three different configurations: a) N-top, b) bridge, and c) Ga-top. These 
configurations are illustrated in Fig. 53. In the N-top configuration, the S atoms in 
the MoS2 layer are directly above the surface N atoms. The bridge configuration is 
formed when the S atoms in the MoS2 layer are located in between the surface N 
atoms and Ga atoms from the second layer. Similarly, for the Ga-top configuration, 
S atoms in the MoS2 layer are directly above the Ga atoms from the second layer. 
Since the chemical composition in each of these configurations remains constant 
throughout the physical translation from “N-top” to “Ga-top” configuration, the 
energy contribution to that leads to the variation in the total energy mainly comes 
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from the vdW force (energy) between surface S and N atoms. The MoS2 layer 
encounters identical potential energy surface (PES) barriers while transitioning 
from “N-top” to “bridge” and “bridge” to “Ga-top” configuration on the GaN 
(0001̅) surface. This correlates well with the equidistant physical translation 
undergone by the MoS2 layer while transitioning from the “N-top” to “bridge”, and 
finally, to the “Ga-top” configuration. This is an indication that the out-of-plane 
registry of MoS2 on GaN substrate is mainly governed by the vdW force between 
the MoS2 layer and GaN surface. 

 

Fig. 53 Out-of-plane registries between the MoS2 and N-terminated GaN (0001)̅ surface.  
a) “N-top” configuration, b) “bridge” configuration, and c) “Ga-top” configuration. Dotted 
(red) lines indicate vertical registries between S atoms and atoms in the GaN (0001̅) surface. 

To identify the stable structural configuration and optimized vdW-gap between the 
MoS2 and N-terminated GaN substrate, we systematically varied the physical 
separation between the layers and observed their total energies. The total energies 
are then normalized to obtain per atom total energies in order to compare these 
results to the MoS2/Ga-terminated GaN total energies and plotted in Fig. 53. The 
per-atom total energies as a function of vdW-gap distance between 2.5 to 3.5 Å for 
all three configurations are plotted in Fig. 54. For all the vdW distances less than 
or equal to 2.6 Å, the per-atom total energy for the Ga-top configuration remains 
lower than the bridge and N-top configurations. The total energies for the N-top 
configuration remains higher than both the bridge and Ga-top configurations 
because the N-S interaction is repulsive in nature, contributing to the total energy. 
Overall, the Ga-top configuration of the MoS2 layer on N-terminated GaN (0001)̅ 
configuration is comparatively stable than the bridge and N-top configurations. 
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Fig. 54 Total energies for varying vdW distance (dvdW) between the MoS2 on N-terminated 
GaN (0001)̅ surface for “N-top” (blue), “bridge” (red), and “Ga-top” (black) configurations. 
Insets illustrate top-down views of these registry configurations. The vertical dotted lines 
represent the optimized vdW distances at which the total energies are minimum. 

Similar to the MoS2/Ga-terminated GaN (0001) surfaces, the layer-by-layer 
epitaxial growth of MoS2 on N-terminated GaN (0001̅), the structural parameters 
such as lateral spacing and alignment between the layers are mainly defined by the 
repulsion between the interface atoms mainly caused by the vdW force between 
interface atoms and their cumulative covalent radii. In our MoS2/GaN (0001)̅ 
heterostructures, S, N, and Ga atoms are the interface atoms with atomic radii of 
1.05, 0.71, and 1.22 Å, respectively. Since the sum of radii between S and N atoms 
is lower than the S and Ga atoms, dvdW for the “N-top” configuration is expected to 
be lower than the “G-top” configuration. As can be seen in Fig. 54, the dvdW value 
is slightly larger for the “Ga-top” configuration, as compared to the “bridge” and 
“N-top” configurations. The quantitative values of dvdW for “N-top”, “bridge” and 
“Ga-top” configurations are 2.77, 3.31, and 3.11 Å, respectively. In conclusion, the 
larger dvdW, due to the smaller repulsive forces between the interface atoms, 
between MoS2 and GaN (0001)̅ in the “Ga-top” configuration contributes to the 
stable MoS2/GaN (0001̅) heterostructure, which is consistent with the results from 
the total energy calculation. 
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10.2.3.1 Electronic Properties 

Using the stable GaN (0001̅) surface and MoS2/GaN (0001̅) heterostructure, we 
have performed electronic structure calculations using PBE level of theory. Though 
the DFT with LDA and PBE exchange correlations are known for their 
underestimation of the magnitude of the fundamental energy gap in semiconducting 
systems, these methods successfully capture overall feature of the electronic 
structure in these systems. The electronic structures predicted by the PBE level of 
theory for the N-terminated GaN (0001̅) and MoS2/GaN (0001̅) heterostructure is 
plotted in Fig. 55. 

 

Fig. 55 Electronic structure of the a) N-terminated GaN (0001)̅ surface and b) MoS2/GaN 
(0001̅) heterostructure. Respective models are shown for reference. 

The predicted direct energy gap (Ed
g) for the N-terminated GaN (0001)̅ is 1.6 eV, 

which is 0.56 eV smaller than the Ed
g for the Ga-terminated GaN (0001) system. 

Unlike in the Ga-terminated GaN (0001) system, the overall feature of the 
electronic structure of the N-terminated GaN ((0001̅) is slightly different from the 
bulk system. In this system, the VBE states are mainly consist of the states from 
the surface N atoms, and the Fermi level is pinned around these states. Between the 
M-K points of the BZ, the VBE states are nondispersive. As illustrated in the  
Fig. 56b, the electronic structure of MoS2/GaN (0001̅) heterostructure possess 
indirect type, where CBE states at the K-point and VBE states at the Γ-point 
contribute to the energy gap (Ei

g). Quantitatively, the observed direct Ei
g is 0.73 eV 

and indirect Ed1
g (Ed2

g ) at K (Γ) is 1.11 (1.36) eV. Although the CBE states are 
mainly dominates by the states from the MoS2 layer, the flattened curvature of the 
bands, as compared to a single layer MoS2 bands, indicates the increment 
(decrement) of the carrier effective mass (mobility) in the MoS2 layer. As compared 
to the MoS2/Ga-terminated GaN (0001) heterostructure, the Fermi level in the 
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MoS2/N-terminated GaN (0001)̅ heterostructure is pinned below the VBE states 
and the overall system retains the polarity of the GaN (0001̅) substrate. 

10.3 Knowledge Acquisition 

10.3.1 ECON-KG Tool: Electrical Conductivity using DFT 

10.3.1.1 Introduction and Motivation 

The electrical conductivity of materials is of fundamental interest in a number of 
research areas, many of which are relevant to current CCDC ARL programs. In the 
heterogeneous vdW solids like 2-D/3-D heterostructures, the knowledge of the 
vertical charge transport occurring between layers is critical as it may lead to design 
and fabrication of devices that are more tunable. 

In another CCDC ARL application, the electrical conductivity of the boron carbide 
armor ceramic, one of the focus materials for the Materials in Extreme Dynamic 
Environments Collaborative Research Alliance, has been shown to be a function of 
pressure and carbon content.2 Similarly, the electrical conductivity of explosive 
product gases has been shown to depend on carbon content,3 and electrical 
conductivity models have become a requirement for input into continuum-level 
simulations being executed by researchers in the Multi-Threat Armor Branch. 
Although the increased electrical conductivity observed in detonation products of 
condensed explosives has received considerable attention experimentally 
conductivity values corresponding to regular intervals of temperature and pressure 
are required for accurate interpolation in continuum simulations. 

In this effort, a Fortran 90 implementation of the Kubo‒Greenwood (KG) formula, 
for use with the QE9 software package, is developed and the program is called 
ECON-KG. This program is currently available at the CCDC ARL Defense 
Supercomputing Resource Center but can be easily ported to other Department of 
Defense computing facilities. 

10.3.1.2 Technical Detail 

In the absence of experimental data, particularly in the case of notional materials 
that have not yet been synthesized (such as the vdW heterostructures being explored 
in the aforementioned DSI), the electrical conductivity of materials can be obtained 
using first-principles quantum mechanical techniques. One approach for computing 
the conductivity from first principles is based on the KG formalism.8 In this 
approach, the frequency (ω)-dependent electrical conductivity is computed as a 
weighted sum over k-points: 
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 , (4) 

where W(k) is the weighting at integration point k. σk (ω) is given by  

, (5) 

where m is the electron mass, Ω is the unit cell volume Φ is the occupation number 
for bands i and j ε is the band energy, and the index a denotes Cartesian direction 
for the momentum operator. The KG approach has the advantage that it does not 
require an estimate of the lifetime or numerical differentiation of band energies, 
and all requisite quantities can be obtained using quantum mechanical methods 
without fitting to experiment. The detail on implementation and parameters 
validation is presented in Taylor.153  

10.3.1.3 Validation 

For the method and tool validation, we have calculated the intrinsic electrical 
conductivity of a bilayer MoS2 system using ECKON-KG and compared the results 
from the KG Electrical Conductivity (KGEC) tool developed by Dr Lazaro 
Calderin at University of Florida.154 The results are presented in Fig. 56. It can been 
that the electrical conductivity predicted by the ECON-KG matches closely to that 
of KGEC for the considered frequency range. The example results presented in this 
work were obtained using a single structure extracted from a molecular dynamics 
trajectory. 

 

Fig. 56 Electrical conductivity (σ) of a bilayer MoS2 system predicted by ECON-KG and 
KGEC Tools. Inset shows a model of bilayer MoS2. 
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In practice, one should use multiple structures, with appropriate averaging, to 
determine the conductivity values. However, for brevity’s sake, only a single 
structure was used for the example application presented in the report. The results 
in this work are in fairly good agreement with the experiment. However, in the 
author’s experience, the level of agreement can shift dramatically (factor of 10 or 
more) depending on density functional, system size, and input parameters to 
ECON-KG. The results can be very sensitive to the number of bands and delta 
function width, and convergence with respect to these quantities can be challenging. 

10.3.2 DFT-VEX Tool: DFT-based Parameter Visualization and Extraction 

10.3.2.1 Introduction and Motivation 

Over the years, a crucial bottleneck for the DFT calculations has been the 
availability of computational resources for the large-scale simulation, such as  
2-D/2-D heterostructures, 2-D/3-D heterostructures, and metal/2-D/3-D 
heterostructures. With continuous improvement in the processor speed and 
innovation of very high throughput networking technology like Infiniband, DFT 
calculation of a periodic crystal is considered trivial these days. Unfortunately, now 
the bottleneck is the lack of appropriate tools for visualization and parameter 
extraction from the available data. Some of the tools like QE and Abinit come with 
their own postprocessing tools, which are limited in terms of the operating system 
they can run on. The data generated by the DFT tools are usually structural 
properties, and electronic band structure and associated projections of the band 
structures. The usability of these data is based on field of application. For example, 
for a device physicist the slope of the conduction or valance band of a 
semiconductor is quite important. Hence, the visualization need for a scientist 
focusing on materials with device applications can be quite different from that of a 
scientist focusing on chemical properties of a material. A tool that is field and 
specialization agnostic is still not available. 

DFT-VEX is a visualization and parameter extraction tool for DFT calculations. 
This code closes the gap between the output data and the decision-making process. 
The first version of the code can plot band structure, plot ionic and orbital 
composition of the electronic band structure, and various features of DOS, and can 
extract effective mass from the band structure. The tool is modularized and object 
oriented. As a result, this code can be extended to any DFT tool. At this point, the 
code is capable of visualization and parameter extraction of VASP calculations. 
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10.3.2.2 Technical Detail 

For any calculation, VASP outputs its data in two data formats. In one case, the 
different data are outputted in separate text files. For example, the band structure, 
orbital contribution, and the DOS are written into files named EIGENVAL, 
PROCAR, and DOSCAR files, respectively. Parameters like Fermi level is written 
into file named OUTCAR. Secondly, all the data for a calculation are also written 
to a XML file named vasprun.xml. When reading the data for visualization and 
parameter extraction purpose, a user can use any of the files to read the data. In 
terms of data collection, using the vasprun.xml file has some advantages, such as a 
single file for all the calculated data, a structured format, and easier file input/output 
process, as compared to reading an ASCII file.  

The primary language for development of the tool was Matlab. For calculations 
involving large structure, Matlab can run into memory problems due to the 
limitation of memory within the virtual Java system on which Matlab runs. To 
circumvent this problem, a separate XML reader written in Python has been 
developed. Matlab can be used to call a Python script from its own environment. 
DFT-VEX calls the appropriate Python functions to read the data. The Python script 
has a dependency on numpy and scipy. If calling the Python library fails, the code 
falls back to XML reader written using Matlab. In terms of performance, the Matlab 
reader is slower compared to its python counterpart, but it enables graceful 
execution of the code when Python fails. Some of the features of the DFT-VEX 
tools are the following: 

• Band structure visualization 

• Ionic/orbital composition of materials visualization 

• Total DOS/ionic/orbital breakdown of DOS 

• Self-consistent effective mass extraction 

• Band-offset in heterogeneous system extraction 

• Selective band project and effective mass extraction 

One of the unique features of the DFT-VEX tool is a self-consistent effective mass 
extraction capability. Effective mass (m*) is an intrinsic property of a material that 
defines slope of the conduction or valance band minima. Electronic transport within 
a material is strongly dependent on the effective mass of a material. Effective mass 
can be determined from the band structure. The band edge of a semiconducting 
material is usually parabolic. This parabolic dispersion can be fitted to a second-
order polynomial to extract the effective mass. Effectively the effective mass can 
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be defined as 1
𝑚𝑚8 = 1

ℏ2
𝜕𝜕2𝐸𝐸
𝜕𝜕2𝑘𝑘

. To verify the order of the fitted polynomial, the 
dispersion can be fitted to 4th- or 6th-order polynomial. If the residuals are close to 
zero, then the dispersion is parabolic. The workflow of the effective mass extraction 
module is illustrated in Fig. 57. Details on other modules and relevant validations 
on these modules will be presented in Das and Neupane.155 

 

Fig. 57 Workflow for the effective mass extraction module in DFT-VEX tool 

10.3.2.3 Validation 

Plotting of band structure is the very basic visualization for DFT-based calculation 
data. While the plotting seems trivial, the data can be in quite different formats 
based on the theory applied during the calculation. To read the data properly, one 
needs to identify the level of theory used to generate the data. To read the data 
properly several cases to be considered. Figure 58 illustrates such two of cases: 
basic and site-resolved band structure calculations for platinum diselenide (PtSe2) 
layered 2-D materials. 

 

Fig. 58 a) Basic and b) site-resolved band structure for single layer PtSe2 generated by DFT-
VEX tool. Inset on a) represents the PtSe2 model used in this calculation. 
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The basic visualization of band structure in Fig. 58a gives information on band 
structure type and the location of the band minima in the BZ. In addition to the 
basic information on band structure, the site-resolved band structure provides 
information on the atomistic contribution to each bands, which is very useful in 
designing materials with suitable band structure properties by modifying atomic 
composition. As can been seen in the Fig. 58b, for the single layer PtSe2, the CB 
minima states mainly consist of Pt states and VB maxima states composed of hybrid 
states from Pt and selenium (Se) atoms; however, VBE states are mainly dominated 
by Se states. 

An automated extraction of effective mass from the given band structure enables 
us to analyze the effect of surface modification, using doping, defect, and 
heterogeneity, on the device-related parameters such as mobility and carrier 
densities. To validate the effective mass extraction feature, we have calculated band 
structure of MoTe2/NbSe2 heterostructure and plotted in Fig. 59. The site-projected 
band structure is used to extract the carrier effective mass from a heterogeneous 
system. The polynomial fitting mechanisms used for the extraction of the carrier 
effective masses are illustrated in Fig. 60. Since the NbSe2 is a metallic system 
representing layered metal contact on the semiconducting MoTe2, the modification 
on the carrier effective masses on MoTe2 is extracted by performing polynomial fit 
of 2, 4, and 6 orders in longitudinal and transverse directions.  

 

Fig. 59 Site-resolved band structure of the MoTe2/NbSe2 heterostructure generated by DFT-
VEX tool 
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Fig. 60 Illustration of the polynomial fit mechanism used to extract the effective mass 
extraction from the plotted band structure. a) Site-resolved band structure for the 
MoTe2/NbSe2 heterostructure, b) polynomial fit for the CB edge band, and c) polynomial fit 
for the VBE band. 

The 6th-degree polynomial fit results in the tight fit to the DFT data. The evaluated 
effective masses for a single-layer MoTe2 and NbSe2-MoTe2 heterostructures, and 
relative change in the effective masses are tabulated in Table 11. 

Table 11 Extracted effective masses for single-layer MoTe2 and NbSe2-MoTe2 

 

Adding metal NbSe2 on top of the semiconducting MoTe2 layer results in the 
modification of the curvatures of the bands, and hence, the carriers effective 
masses. The extracted effective masses for the electrons and holes in the NbSe2-
MoTe2 heterostructure are modified significantly. For both the longitudinal and 
transverse effective masses, the hole effective masses of MoTe2 are increased by 
approximately 5%, due to the states hybridization between MoTe2 and NbSe2 states. 
The effective of heterogeneity in the electron effective masses of the MoTe2 layer 
is significant. Quantitatively, the lateral and transverse electron effective masses 
are increased by approximately 57% and approximately 30%, respectively.  

In summary, we have created a modular tool for visualization and parameter 
extraction from DFT calculations that can visualize data generated by a DFT tool. 
Visualization of band structure along with projected band structure and DOS are 
supported. In terms of parameter extraction, the DFT-VEX tool can calculate 
effective mass from the band structure of a material. This can be done in a generic 
way from a band structure and in a more precise manner by doing a separate 
calculation. For a precise calculation of effective mass, input files can be generated 
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using DFT-VEX. Effective mass of a both homogenous and heterogeneous material 
can be calculated. Right now, the library supports visualization and parameter 
extraction from VASP calculations. Due to the modular nature of the code, the tool 
can be extended to any DFT tools in future. 

11. Technical Summary/Conclusions and Transition Plan 

In this study, by integrating MoS2 (2-D) with GaN (3-D), we have created a new 
class of vdW solids to elucidate fundamental understanding of vdW interface 
science and open up a technological path for 2-D semiconductor integration with 
3-D electronics. We have divided our accomplishments into three technological 
categories: 1) growth and characterization, 2) metrology, device fabrication and 
electrical characterization, and 3) materials and interface modeling.  

Our growth effort was focused on optimization and understanding of PV of MoS2 
on GaN. In particular, we have investigated the impact of MoO3 nucleation 
temperature, growth temperature, and growth pressure on the alignment, quality, 
density, and size of the MoS2 domains. In the first year, we were able to successfully 
grow MoS2 2-D semiconductor on both n- and p-type GaN due to our improvements 
in surface preparation of the GaN prior to growth. In the second year, we have 
successfully doped the MoS2 n-type using rhenium (Re) powder and p-type using 
Nb powder during as sources in the PV growth process. We have also investigated 
MOCVD as an alternative to PV. Through our PV studies, we have found obtaining 
uniform coverage to be an issue due to the presence of a MoO3 during growth. We 
also determined that ML MoS2 (1L-MoS2) only modified the interface and was 
electronically transparent. Therefore, we needed to transition to a growth technique 
that would allow us to grow uniform multilayer a stack (several molecular layers) 
of MoS2. Finally, we succeeded in growing multilayer MoS2 utilizing MOCVD. 

We have performed a thorough characterization of 2-D/3-D semiconductor 
heterojunctions with the purpose of developing functional 2-D/3-D bipolar 
transistors. Our cross-sectional TEM showed 2-D/3-D heterojunctions consisting 
of MoS2 single monolayer (1L-MoS2) and n- and p-doped GaN. The ML MoS2 is 
epitaxial, continuous, and unperturbed on the GaN lattice. The vdW gap size 
between the 1L-MoS2 and GaN was measured with TEM, as was the lattice constant 
of the 1L-MoS2. The 1L-MoS2 was proven to be lattice-matched to the GaN 
substrate, as predicted. An interesting modification of the top two atomic planes of 
GaN was found only under MoS2 monolayer. The electrical characteristics of 
metal/2-D/3-D heterojunctions were investigated in order to develop an 
understanding of the role of atomically thin semiconductor components in vertical 
bipolar devices.  
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In the first approach, the electrical characteristics of MoS2/GaN heterojunctions for 
both n- and p-doped GaN were obtained with CAFM), where the CAFM tip played 
the role of the metal contact. This approach allowed the characterization of pristine 
heterojunctions without the exposure to the wet processing. We observed a reversal 
of the rectification polarity when the GaN substrate was changed from n to p 
doping. The analysis of the electrical data led us to an understanding that a single 
monolayer MoS2 does not behave as an independent semiconductor in a (CAFM Pt 
tip)/1L-MoS2/GaN heterojunctions but rather modifies the tip/GaN SB. Therefore, 
the 2-D layer in 2-D/3-D heterojunctions has to be above a certain thickness before 
it exhibits characteristics consistent with a separate semiconductor component in a 
bipolar transistor.  

CAFM was used to electrically characterize multilayer stacks of MoS2 and WSe2 
grown by MOCVD on GaN. The WSe2/GaN heterojunctions behaved as pn-
junctions with WSe2 being a naturally p-type 2-D semiconductor and the GaN 
substrate chosen to be n-doped. In the second approach, permanent metal 
nanocontacts in the metal/2-D/3-D heterojunctions were fabricated by EBL and I-
V measurements were performed with nanoprobes inside an SEM. TEM showed 
that the heterojunctions of Au/1L-MoS2/GaN are fully epitaxial, whereas the Au 
that was grown directly on GaN is not epitaxial. ML MoS2 is unperturbed in our 
junction fabrication process and no interdiffusion between Au and 1L-MoS2 is 
present according to the TEM analysis. Stable contacts and better electronics (as 
compared to CAFM) allowed for better quantitative analysis of the electrical 
behavior of the heterojunctions. Extracted SB data provided insight into the origin 
of the applied electrical response. In agreement with the CAFM analysis, ML MoS2 
was found to be electronically transparent. This led to Au/1L-MoS2/p-GaN 
heterojunctions that behave electrically as Au/p-GaN junctions that are modified 
by the 2-D layer presence despite the fact that a distinct separate MoS2 ML is 
observed with TEM.  

Lastly, we developed a design and microfabrication process for making vertical 
GaN/MoS2/GaN HBTs with an ultra-thin base made of 4‒5 molecular layer MoS2. 
We have validated all major critical aspects of the design, which makes it likely 
that our design and microfabrication process will produce a working HBT. In 
particular, 2-D/3-D diode behavior was demonstrated for the all-synthesized 
heterostructures without mechanical transfer. The STEM and other microstructural 
analyses confirm that we have synthesized the trilayer 3-D/2-D/3-D semiconductor 
structure, which can be used for the fabrication of a vertical 2-D/3-D HBT. We 
believe this is the first demonstration of a 3-D/2-D/3-D semiconductor 
heterostructure. This is an important step toward the implementation of 2-D crystals 
in high-speed electronic devices. 
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Our modeling and theory effort was divided into three subtasks: 1) benchmarking 
the scalable CP2K first-principles method, 2) design and simulation of 2-D/3-D 
heterostructures, and 3) formulation of an analytical model for novel devices. In the 
first task, a case study on the applicability of CP2K was performed by simulating 
naturally aligned, misoriented 2-D bilayer systems. Our observations indicate that 
the CP2K, in addition to being highly scalable, can reliably predict fundamental 
material and structural parameters, and the results are comparable with more 
established tools such as VASP and QE. However, due to the lack of a full-BZ 
integration scheme, CP2K has some limitations in predicting electronic properties.  

In our second task, we designed and performed structural and electronic structure 
modeling of 2-D/3-D heterostructures consisting of single layer MoS2 and GaN 
bulk-like surfaces, respectively (Fig. 5). Using Grimme’s dispersion correction 
scheme for the vdW forces, the first-principles method implemented in VASP 
predicted a vdW gap of 3.10 Å between the 1L-MoS2 and GaN surface, which 
agrees with the experimentally observed vdW gap. Using the electronic properties 
of the 2-D/3-D heterostructures and bulk-like metal surfaces (Pt), a band alignment 
feature for the device characterization and analysis was conceptualized (Fig. 6). 
Overall, the band alignment between metal/2-D/3-D interfaces predicts the shifts in 
the SBH due to the interfacial 2-D layer (1L-MoS2) between metal and 3-D (bulk-
GaN) surfaces, consistent with the experimental observation. Additionally, our 
simulation results also predict 1L-MoS2 induces suppression of the GaN surface 
states eluding a new mechanism of passivating GaN surface dangling bonds.  

Lastly, we have also developed a model for a metal/2-D/3-D heterostructure and 
successfully performed numerical simulations on their structural and electronic 
properties. Structural modeling of an Au contact on a MoS2/GaN system revealed 
that the vdW gap between the MoS2 layer and GaN system is perturbed and 
increased due to the stronger binding energy between the Au and MoS2 layers that 
tend to pull the MoS2 layer from the GaN substrate, which are consistent with our 
XTEM observation. In addition, electronic properties of this system results in an 
atomistic picture of charge depletion across the metal/2-D/3-D junction. The 
observation of the gap states throughout the GaN and MoS2 bandgaps is consistent 
with the substantial band bending due to the FLP observed in the KP measurement, 
which in turn reduces the effect of the SB and complicates the device design. The 
functionalization or surface passivation of both the Au and GaN surfaces is a 
possible solution to minimize the FLP and improve the control on the SB. This 
study provides quantitative information and insight on the nanostructural and 
electrical aspects of the interactions of a semiconductor 2-D monolayer with III-V 
semiconductors, a mainstay of modern high-speed electronics, and metals. 
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In summary, we have demonstrated in this work the growth of 2-D/3-D and  
3-D/2-D/3-D heterojunctions relevant for vertical bipolar devices, gained a better 
understanding of the physical and electrical interactions of 2- and 3-D materials, 
and drafted the band alignment for the studied vdW solids. The gained knowledge 
and experience with 2-D/3-D heterostructures will allow us to transfer our 
knowledge and skills to the ongoing and future mission-related projects. As part of 
the technical transition, we also plan to transfer samples and acquired knowledge 
in the form of this report to our collaborators at Northrop Grumman.  
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