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Abstract 

Transition Metal Dichalcogenides (TMDs) are a unique class of materials that exhibit attractive 

electrical and optical properties which have generated significant interest for applications in 

microelectronics, optoelectronics, energy storage, and sensing. Considering the potential of these 

materials to impact such applications, it is crucial to develop a reliable and scalable synthesis 

process that is compatible with modern industrial manufacturing methods. Metal-organic chemical 

vapor deposition (MOCVD) offers an ideal solution to produce TMDs, due to its compatibility 

with large-scale production, precise layer control, and high material purity. Optimization of 

MOCVD protocols is necessary for effective TMD synthesis and integration into mainstream 

technologies. Additionally, improvements in metrology are necessary to measure the quality of the 

fabricated samples more accurately. In this work, we study wafer-scale molybdenum disulfide 

(MoS2) utilizing two common chalcogen precursors, H2S and DTBS. We then develop a metrology 

platform for wafer scale samples quality assessment. For this, the coalesced films were 

characterized using Raman spectroscopy, atomic force microscopy, transmission electron 

microscopy, X-ray photoelectron spectroscopy, and Kelvin probe force microscopy. We then 

correlate the structural analysis of these grown films with electrical performance by using aerosol 

jet printing to fabricate van der Pauw test structures and assess sheet resistance. 

 



1. Introduction 

Metal-organic chemical vapor deposition (MOCVD) is a sophisticated technique widely employed 

to fabricate high-quality semiconductor materials. This approach utilizes metal-organic 

compounds as precursors which are transported to the substrate in a vapor phase, then decomposed 

thermally to yield a thin film. MOCVD boasts the advantages of precise thickness control, superior 

uniformity, and the ability to deposit on complex substrate geometries, making it indispensable in 

microelectronics and optoelectronics manufacturing. MOCVD has also been widely adopted for 

synthesizing new materials, such as transition metal dichalcogenides (TMDs), due to its ability to 

achieve high purity and large-scale production1–9. Despite these advantages, MOCVD requires 

rigorous process optimization to ensure material quality, underscoring the need for ongoing 

research and development in this area10–13. 

TMDs are unique materials formed of one transition metal atom and two chalcogen atoms, which 

structure themselves in distinct layers14 of van Der Waals solids. These materials were first studied 

in their bulk form in the early 20th century before researchers turned their attention to their two-

dimensional (2D) counterparts15,16. The shift was triggered in 2004 by isolating graphene, a single 

layer of carbon atoms, which stimulated interest in investigating other 2D materials17. Scientists 

soon discovered that monolayer TMDs exhibit direct bandgap behavior, unlike their multi-layered 

or bulk counterparts, paving the way for potential applications in microelectronics and 

optoelectronics16,18,19. This discovery sparked a surge of research efforts exploring the fascinating 

properties and varied applications of 2D TMDs, ranging from transistors and photodetectors to 

energy storage devices and beyond20. Despite the promising potential of 2D TMDs, synthesizing 

these materials on the wafer scale presents several challenges. Precise control over TMD thickness, 

lateral domain size, and layer uniformity during synthesis remains a difficult task. Synthesis 

methods need to be scalable with improved reproducibility across process runs to meet the 

demands of industrial production21.  Additionally, developing rapid and reliable metrology 

approaches to assess as grown materials are critical for enabling statistical process control. As we 

look forward, addressing these challenges will be integral to fully unlocking the potential of 2D 

TMDs, enabling their widespread use in emerging technologies, including high-performance 

electronics, optoelectronics, and renewable energy applications.  

 



2. Materials and Methods 

2.1 Sample Preparation 

This study analyzed 50 mm coalesced monolayer films with varying amounts of bi/multi-layer 

regions grown by different process recipes utilizing two common sulfur precursors that have been 

considered for commercial application, di-tert-butyl sulfide (DTBS) and hydrogen sulfide (H2S). 

Samples grown using DTBS were provided by a proprietary single-step recipe. The growth 

temperature for these samples was 700° C to limit carbon incorporation into the layers from the 

organosulfide precursor. 50 mm C-plane sapphire was annealed at high temperature and used as 

the growth substrate. Samples synthesized by the H2S process were prepared at the 2D Crystal 

Consortium (2DCC) facility using a cold wall horizontal quartz tube reactor featuring gas foil 

rotation of the substrate to promote uniform TMD growth22. On this system, pre and post growth 

anneals were conducted at 1000° C while flowing hydrogen and H2S. The growth temperature was 

1000° C with a reactor pressure of 50 torr. Growth recipes and characterization data files for these 

samples are available from ScholarSphere at Monolayer MoS2 grown by MOCVD on sapphire for 

process comparison study23. These growths also used C-plane sapphire substrates. In total, two 

MoS2 wafers from each process were characterized for a total of four wafers. The pair of wafers 

from each respective recipe was diced into smaller samples for ease of characterization. Using 

samples from each recipe as representative of the film quality allowed for direct comparison of the 

MoS2 films. Importantly, film quality from each process was uniform (as measured by Raman and 

AFM) across the samples. 

2.2 AFM/KPFM measurement 

Atomic Force Microscopy (AFM) in PeakForce tapping mode was used to understand the 

nanoscale topography of the films. To elucidate the electrical surface properties of these TMD 

films, Scanning Kelvin Probe Force Microscopy (SKPFM) was performed using a Bruker 

Dimension Icon® AFM in PeakForce SKPFM mode. This mode provides traditional topography 

measurements colocalized with a map of the material’s contact potential difference (CDP). For this 

measurement, an AC voltage is applied to the mounted cantilever and the oscillatory response to 

the samples surface potential is detected. In order to nullify this surface/tip interaction, a DC signal 

is applied to the sample, providing a measure of the contact potential difference between the tip 

https://scholarsphere.psu.edu/resources/f7036c65-37af-4556-8a45-a1c74ecb2a33
https://scholarsphere.psu.edu/resources/f7036c65-37af-4556-8a45-a1c74ecb2a33


and the sample. Calibration was done before imaging the TMD material by imaging the Bruker 

SKPFM standard sample with a patterned rectangle of silicon, gold, and aluminum side by side. 

Special care is taken to select an appropriate lift height to ensure that the CPD measurement is free 

of topographical artifacts, typically around 15 nm for the MOS2 samples. At this height the tip is 

low enough to interact with the electric field of the sample but out of range of Van der Waals forces 

and artifacts on the surface that might convolute the measurement. It is important to note that in 

the context of TMDs and other 2D materials, this is not a direct measurement of the combined 

layers for an overall work function.  

2.3 Raman measurement 

Raman spectroscopy was conducted using a Horiba LabRAM HR Evolution confocal scanning 

Raman microscope. A 540 nm laser was used in conjunction with a 100x objective, 1800 gr/mm 

grating, 100 µm aperture, and a 3.2% neutral density (ND) filter to collect spectra, centered on the 

primary in plane and out-of-plane peaks. Raman spectra collected of the TMD samples were fit 

with a baseline correction and Lorentzian functions to precisely determine peak positions and full 

width half maximums (FWHM) for the in plane and out-of-plane vibrational modes. Both the 

separation and FWHM values were mapped across a 50 µm square with a 2.5 µm step size. 

2.4 XPS 

A Physical Electronics PHI Versaprobe XPS system with a monochromated Al Kα X-ray source 

was utilized to collect spectra using a beam diameter of 100 μm (25 W). The spectra were shifted 

setting the Mo3d peak at 229 eV. Prior to XPS analysis, samples were cleaned by soaking samples 

in an acetone bath for 5 minutes, followed by 5 minutes in an isopropanol bath, and dried under 

vacuum. Survey scans utilized a pass energy of 117.5 eV and evaluated from 0-1300 eV. For higher 

resolution core level scans, a pass energy of 23.65 eV was utilized for the specific elemental 

regions.  

2.5 Wet Transfer and TEM 

While sapphire is a reliable substrate for the deposition of TMDs, MOCVD grown thin films must 

be transferred off the sapphire in order to be suitable for various characterization techniques as 

well as device fabrication. To carry out TEM measurements on the samples, the TMD films were 

transferred to carbon coated copper TEM grids by a wet transfer process. Briefly, 950 PMMA is 



spin coated onto the TMD while on the sapphire substrate as a protective handling layer and 

allowed to dry overnight. The next day, the coated wafer or coupon is scraped with a fresh razor, 

removing a small amount of PMMA/TMD material from the edge of the substrate. 

These prepared substrates were placed in a DI water bath at 80° C and allowed to sit for ~2 hours. 

After this time, the samples are removed from the water bath and slowly lowered into a 3M KOH 

solution held at 80° C. The samples are carefully inserted into the KOH bath at a 30-degree angle 

to allow the surface tension of the bath to lift the TMD/PMMA handling layer off of the growth 

substrate. Once the film is fully separated from the original substrate, it was transferred to a series 

of room temperature water baths to rinse off the excess KOH solution. After the final bath, the 

samples are carefully lifted out with TEM grids held with tweezers ensuring the film is mounted 

on the top side of the grid. The prepared TEM grids are allowed to dry overnight. After drying, the 

grids with TMD/PMMA layers are placed on a hot plate set to 65° C to encourage adhesion, then 

placed in an acetone bath to remove the PMMA before being rinsed with acetone and IPA and 

dried. Once prepared, samples were imaged on a JEOL JEM-2100 electron microscope using a 

200kV beam. Even with careful handling, the delicate TEM grids, and thus, the TMD layer itself, 

sustain significant damage during the transfer process. Often, cleaning steps used are not sufficient 

to fully remove excess KOH residue from the exposed copper surfaces. Despite imperfections, 

sufficient in-tact TMD material was properly mounted for TEM imaging. 

2.6 Aerosol Jet Printed Van Der Pauw Structures 

Additive manufacturing methods such as aerosol jet printing (AJP) allow for rapid 

characterization of samples without the need of resource intensive traditional lithography 

methods24–26. An Optomec aerosol jet 200 system was utilized for the fabrication of silver 4-

point Van der Pauw structures directly on the sapphire growth substrate, targeting a 250 µm 

square in the centre of the structure. Prior to printing, Clariant TPS 50 silver nanoparticle 

suspension was diluted 3 times with DI water to improve the printability of the ink and was 

eventually aerosolized using ultrasonic atomization. The printer was equipped with a 150 µm tip, 

which was positioned ~ 4mm above the MoS2 film. Before material deposition, the ink was 

heated to 35°C, and the platen temperature was set to 75°C. During printing the atomized mist of 

ink droplets are carried from the ink vial to the printhead using an inert carrier gas. Once inside 

the print head, a secondary sheath gas is introduced to the microdroplets of ink, which serves to 



focus the mist into a coherent stream for printing. In this print, the carrier gas setting was set to 

25 SCCM and the sheath gas was set to 50 SCCM with a print speed of 2 mm•s-1. 

The printed silver 4-point structures were sintered in air at 200°C for 1 hour. Subsequently, a 250 

µm square of SU-8 2000.5 was aerosol jet printed in the middle of the 4-point structures, 

generating an additively manufactured photo mask to encapsulate the MoS2 layer in the center of 

the structure. Ultrasonic atomization was utilized to aerosolize the SU-8 2000.5 using the gas 

settings of 15 SCCM for the sheath gas flow and 5 SCCM for carrier gas flow and a print speed 

of 1 mm•s-1. The printed SU-8 layer was essentially soft-baked upon deposition onto the plate, 

which was held at a temperature of 75°C. Since the layer was printed directly, there was no need 

to further pattern the sample, and the exposed MoS2 layer was removed via a fluorine based 

reactive ion etch process, resulting in hybrid manufactured MoS2 Van Der Pauw 4-point 

structures. 

These printed Van Der Pauw devices were tested using a factory included sheet resistivity test 

with a Keithley 4200 Semiconductor Parameter analyser connected to a Cascade Microtech 

probe station. The measurement was conducted under ambient light at room temperature. 

3. Results and Discussion 

3.1 Topography 

Characterization of deposited TMD films began with layer number and coverage determination, 

as many of the novel qualities of these materials are only realized in the monolayer composition. 

The primary goal of the depositions in this study was to produce coalesced monolayer films, 

achieving full macroscale coverage, spanning a 50 mm wafer, based on respective standard 

recipes.  

AFM images of the two representative samples shown in Figure 1 revealed noticeable 

differences. Most notable were the differences in grain shapes of the MoS2 samples. A difference 

in transition metal to chalcogen precursor ratios is thought to produce the morphological 

differences of triangular to hexagonal domain shapes27. All samples in this study are fully 

coalesced films, making the individual domains visible in the scan areas of bi and multilayer 

growths. The DTBS-MoS2 films, while appearing to have less bilayer coverage than the H2S-

MoS2 samples, exhibit more vertical or out-of-plane growth, which is observed as linear regions 



of high measurements in the AFM. Achieving fully coalesced films requires a careful balance of 

growth conditions to achieve full coverage while minimizing bi/multilayer formation. 

Image processing and analysis was performed on the AFM images using FIJI to assess the degree 

of monolayer, bilayer, and multilayer/out-of-plane growth for each distinct MoS2 sample. First, 

the images were converted to grayscale and manually segmented using histogram analysis. A 

binary mask of each segment was generated using an ISO Data thresholding method, and the 

foreground pixels of each mask were divided by the total number of pixels to quantify each 

segment's contribution to the total image. For the H2S-MoS2, the layer coverage was estimated to 

be 31.37% bilayer, and 1.59% multilayer/out-of-plane (Supplementary Figure 1). While the 

DTBS-MoS2 estimated 15.90% bilayer coverage and 3.49% multilayer/out-of-plane growth. 

3.2 Layer determination by Raman 

Raman spectroscopy is a non-destructive technique that has emerged as a powerful tool to 

investigate the structural and electronic properties of TMDs28–36. Raman spectroscopy is based 

on the inelastic scattering of light, where the difference in energy between incident and scattered 

photons provides information about the vibrational modes of the material under investigation. In 

2D TMDs, two key Raman-active modes are typically observed – the in-plane (E') and out-of-

plane (A') modes. The E' mode originates from the opposite motion of metal and chalcogen 

atoms in the plane. The A' mode is associated with the out-of-plane vibrations of the chalcogen 

atoms. These modes can be used to probe layer number, strain, and photon-phonon interactions 

in TMDs. Determining the number of layers in the TMD thin films can be achieved by 

measuring the separation between the characteristic A' and E' peaks. The frequency separation 

between these two peaks changes as the number of layers increases. In monolayer MoS2, the 

peak separation is less than 19 1/cm37. As the layer number increases, the peak separation 

expands, eventually approaching the value characteristic of the bulk material around 24 1/cm37,38. 

This peak separation results from changes in the interlayer interactions and electronic structure 

with added layers. By measuring the frequency difference between the E' and A' peaks and 

comparing this value to established standards for different layer numbers, one can estimate the 

layer count of TMD samples. In Figure 1, Raman maps from of samples from both processes 

indicated high levels of layer homogeneity, with sample from the H2S process measuring a larger 

peak separation on the average. This is supported by AFM measurements of the samples which 



clearly show the large bilayer domains that form on the H2S-MoS2 samples while reaching 

coalescence of the monolayer In Figure 1E, the sapphire peak located near 418 1/cm in the 

Raman spectra of the DTBS-MoS2 sample is much more pronounced due to the lack of 

additional layers above the monolayer. It is crucial to account for other factors like strain and 

doping, which can also influence the Raman peak positions and often limit the comparison to 

only samples with similar preparation methods.  

3.3 Comparative Analysis of Layer Quality 

In the context of TMDs, the presence of defects often induces changes in the position, FWHM, 

and intensity of the Raman peaks. Specifically, a defect-induced LA(M) Raman peak can be 

observed at around 227 1/cm for MoS2 samples that are sufficiently defective38,39. Both growth 

processes produced MoS2 samples of sufficient quality such that the LA(M) peak is absent in the 

spectra of all MoS2 samples analyzed31. 

Broadening of Raman peaks is often used as an indicator of structural disorder or defects, 

suggesting a higher defect density relative to similarly prepared samples 40,41. To gain a 

comparative understanding of the defect nature of the samples considered in this study, the 

FWHMs of the Lorentzian peaks fit to the in-plane Raman mode were compared across the two 

samples. Figure 2 provides spectra and heat maps of the analyzed FWHM. The representative 

sample from the H2S samples had a mean value of 3.457 1/cm, which is lower than the mean 

value of 3.904 1/cm measured for DTBS-MoS2. There is also a visible shouldering of this peak 

that does not appear in the H2S-MoS2. 

We purchased a 1 cm coupon of commercially available MoS2 grown by Chemical Vapor 

Deposition (CVD) that advertises domain sizes of (1-50 µm) to compare Raman spectra 

(Supplementary Figure 2). The commercial MoS2 sample showed monolayer peak separation and 

a lower in-plane mode FWHM than both the experimental samples, supporting the higher 

advertised quality. The lack of the LA(M) peak from all spectra suggests that standard MOCVD 

processes are approaching the quality of commercially available material31.  

TEM images provide further evidence of a difference in quality between the two differentially 

grown samples. While both samples are highly crystalline, as the domains grow towards 

coalescence, the samples grown by the H2S process appear to be more closely oriented. TMD 



films are known to preferentially orient according to substrate step edges under appropriate 

growth conditions42–44. The purpose of the pre-growth anneal step in the horizontal reactor recipe 

is to enhance the sapphire terraces and domain orientation. This results in a more precise 

diffraction pattern shown in Figure 2. As the orientation becomes more varied in the DTBS 

grown samples, the points in the diffraction pattern take on a more elliptical character. 

Misoriented domain edges are thought to contribute more to the defect nature of the basal plane 

than highly oriented coalesced domains45. 

Both the Raman and TEM analysis indicate a higher defect density in the DTBS-MoS2. This is 

likely due to the difference in growth temperature, with a higher temperature allowing for more 

effective Ostwald ripening to orient crystal domains reducing grain boundary defects46,47. The 

growth temperature for the DTBS recipe may limited by the carbon containing sulfur precursor 

di-tertbutyl sulfide, which can cause carbon contamination at increased temperatures an 

influence the ripening process48,49. The use of the hydride sulfur source allows for increased 

growth temperature which promotes greater crystallinity but requires much more complicated 

safety protocols and systems. Additionally, the use of a post growth annealing step using the 

hydride precursor is intended to minimize sulfur vacancy point defects in the film. 

3.4 XPS Characterization 

Survey scans of both samples (Supplementary Figure 3) reveal significantly more carbon 

incorporation in the DTBS process. After the initial measurement, samples were thoroughly 

cleaned to remove surface contaminants and remeasured yielding the same result, indicating the 

signal is from carbon incorporated into the layer. While both samples also contain a strong 

oxygen signal, due to the underlying substrate being alumina, we are unable to determine relative 

amounts of oxygen incorporation into the layer and elemental mapping of deposited layers is 

relegated to future work. 

3.5 Kelvin Probe Force Microscopy 

It was observed that for the two samples the contact potential difference (CPD) map had a 

differing correlation with the colocalized AFM topography as depicted in Figure 3. The 

measurement from the H2S-MoS2 shows a high obvious contrast in the CDP map along domain 

edges with lower CDP values on the basal plane. For the DTBS-MoS2, this contrast does not 



appear, even when isolating clearly defined bilayer domains. It is suspected that the qualitative 

difference in the KFPM measurements of the two the differently grown samples is due to the 

difference in the defect nature of the films with defects such as vacancies or grain boundaries 

altering the surface energy landscape of the film. XPS results indicate significantly more carbon 

incorporation in the DTBS-MoS2 films. Carbon impurities, and impurities in general, are 

expected to bond more preferentially to defect sites over the basal plane. Lastly, a possible 

explanation for this is that ambient doping (oxidization) is expected to occur at a higher rate at 

defect sites for TMD materials50–52. 

3.6 Sheet Resistivity 

The 4-point measurements conducted on the printed devices shown in Figure 4 resulted in a 

sheet resistivity measurement for the DTBS grown samples that was nearly 2.5 times lower than 

that of the samples grown utilizing H2S. The sheet resistivity for the DTBS grown material-based 

devices were 1.31 MΩ/square, with the H2S based devices measuring 3.4 MΩ/square. It has been 

reported that spontaneous oxygen doping of MoS2 films in atmosphere can lower their sheet 

resistivity53
.  Other impurities, possibly due to incomplete decomposition of precursors could also 

explain this difference in resistivity.  

4. Conclusion 

The correlation of traditional TMD characterization results with qualitative electrical 

measurements was investigated for two sets of samples with differing growth conditions.  The 

coalesced wafer scale samples were prepared using an organosulfide precursor and a hydride 

precursor that resulted in differing surface topography and defect nature of the films. Monolayers 

deposited using the H2S appeared to be less defective likely due to the higher growth temperature 

enabled by a carbon lacking sulfur precursor. However, use of H2S as a precursor requires 

significantly enhanced safety protocols. The defect nature of the films correlated with maps of 

the contact potential difference, where samples of higher crystal quality showed higher contrast 

between grain edges and domain basal planes. This contrast is thought to be caused by surface 

energy variations due to differing defect distributions in the monolayers or by varying amount 

impurity incorporation, such as carbon or oxygen either from precursor selection or spontaneous 



ambient doping. By using KFPM and aerosol jet printing on the growth substate, the energy 

landscape of these monolayers as able to be assessed rapidly without fabrication or transfer. 
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Figure 1. A,D: AFM topography from each sample showing bilayer and multilayer domains. The thinner 
linear regions are areas of out of plane growth. B,E: Representative Raman spectra for MoS2 samples 
from the H2S process (top row) and the DTBS process showing (bottom row) the locations of the 
characteristic in-plane and out-of-plane Raman peaks. The spectrum in E also has a pronounced sapphire 
peak due to the lack of additional layers above the TMD monolayer. At low laser power additional MoS2 
layers mask the sapphire signal. C,F: 50 µm × 50 µm map of the peak separation for both H2S and DTBS, 
respectively. Each shows an average value near 19 (1/cm) confirming monolayer coverage. Areas of 
higher separation are due to multilayer growth.  

  



 

Figure 2. A,D: Representative spectra of MoS2 samples from the H2S process (top row) and the DTBS 
process (bottom row). The shaded area represents the Lorentzian fit of the E’ peak for which the FWHM 
was mapped. Note that in addition to being wider, there is a left-handed shoulder on the E’ peak for DTBS 
samples. B,E: 50 µm × 50 µm maps of the FWHM of the out of plane E’ peak for MoS2 samples. C,F: 
Respective TEM image with accompanying diffraction pattern. 

  



 

Figure 3. A,B: Colocalized AFM topography and KPFM contact potential difference maps for a sample 
that was grown by the H2S process (top row). Brighter areas, indicating an increased potential difference, 
correlate to domain edges. C,D The same maps for a sample from the DTBS process (bottom row). For 
this sample, the map was oriented on an isolated triangular bilayer domain and was reduced in size to 
avoid out of plane growth regions that would have interfered with the required lift height. The CPD map 
shows no meaningful correlation to the respective topography. 

  



 

Figure 4. A: Cartoon schematic illustrating the aerosol jet printing process and the deposition of a silver 
Van Der Pauw 4-point device with a printed SU-8 passivation region on MOCVD MoS2. B: Optical 
microscope image of the AJ-printed device after curing of SU-8 and removal of excess TMD material. 

 


