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ABSTRACT
Devices containing transition metal dichalcogenides are being investigated for next generation electronics.  Understanding material properties under typical use conditions is important for the longevity and effectiveness of these devices. In this study, CVD-grown MoS2 crystals with pre-existing defects from the growth process were subjected to DC-voltages of 10 V, 20 V, and 40 V for up to 96 h. The presence of pre-existing defects was found to lead to more extensive material damage that scales with voltage and time. SEM, AFM, Raman and photoluminescence imaging indicated regions of increased defect concentration post-electrical stress. 

1. INTRODUCTION
Due to their atomic thickness and favorable electronic properties, two-dimensional (2D) materials are strong candidates for continued scaling of transistors to supplement current Si-based technologies and enable next generation devices.[1, 2]  Scalable production of electronic-grade 2D materials will likely be accomplished using “bottom-up” synthetic processes. Advancements in growth techniques now allow for electronic-grade 2D materials to be produced at the wafer scale,[3] enabling the fabrication of hundreds of 2D material-based devices in a single batch. Successful incorporation of new materials into large-scale manufacturing environments demands an understanding of the material structure and defects that can lead to device degradation, and sometimes failure, during operation. Device reliability is rooted in material reliability, which fundamentally refers to the stability of the material’s atomic structure. Factors affecting material reliability include geometry, microstructure, chemistry, dimensional scale, proximity to other materials, and exposure to external stressors. The quality and defect density of grown 2D materials strongly depends on the synthesis and processing conditions.  
Material defects (e.g., grain boundaries, wrinkles, tears, multilayers) can have significant consequences on device performance.[3]  In some cases, these defects are significant enough to cause failures within the device, whether it is through degradation of the material layer or through short/open circuits.  Material defects will always occur, and the extent of the defect will make or break manufacturability of the device.
Here, we show how defects in chemical vapor-deposited (CVD) MoS2 flakes can be precursors to material damage sustained during subsequent electrical stressing. CVD-monolayer MoS2 flakes were transferred to pre-patterned electrodes and subjected to a constant DC voltage for defined times. Pre-existing defects oriented transverse to the current flow were susceptible to growth in the direction of electron flow, increasing in size with time under stress and magnitude of the electric field. Our results demonstrate the importance of understanding how synthesis and processing can lead to material defects, and how such defects can compromise the performance and reliability of 2D material-based electronic devices.

2. METHODS
2.1 CVD MoS2 Crystal Growth
	The MoS2 was grown following the conditions in Zhang et al.[4]  Briefly, a Si wafer with a 300 nm thermal oxide was spin-coated with a saturated MoO3/NaOH solution and heated in a three-chamber furnace with solid sulfur pellets. Single triangular crystals (measuring up to 30 µm per side) were grown on the wafer surface.  Most crystals were found to have tears or cracks, along with multilayer domains and surface contamination.  These types of defects observed in the material on the growth substrate are commonly reported in the literature[5, 6] and are present post-transfer onto the electrode surfaces.
2.2 Fabrication of Test Devices
	Each wafer was designed to accommodate numerous test chips of dimensions 5 mm x 5 mm, where each chip contained 40 gold electrode pairs created by a metal lift-off process; the electrode gap was 4 µm, as shown in Figure 1A. CVD-grown MoS2 crystals were then transferred to specific electrode pairs by a PMMA-assisted wet transfer process.[7-9] For this process, the sample and original substrate are spin-coated with a PMMA solution. The sample is placed in a 30 % KOH solution to etch the SiO2/Si wafer, resulting in the release of the sample from the growth substrate. After rinsing the excess KOH from the sample with water, the PMMA-coated MoS2 is then directed to over a submerged electrode substrate and the water is removed to deposit the MoS2.  The PMMA layer is then removed with chloroform and acetone to leave the MoS2 on the gold electrode surface. This resulted in both individual and clustered crystals that spanned the electrode gap.
2.3 Electrical Stress Tests
[bookmark: _Hlk107408227]	Electrical stress tests were performed on a probe station equipped with a basic source meter unit. Probes were placed directly on electrode surfaces ensuring good contact was achieved.  To test individual MoS2 flakes among the numerous others that spanned a given electrode structures were scribed to isolate single flakes and gap. We first identified candidate crystals that were sufficiently isolated spatially from the others, typically by at least several micrometers. We then severed the 0.25 mm Au segments by scribing, to electrically isolate the target crystal pads.  Probes were then put into contact with the Au segments that remained after scribing. Since the intent of the work was to assess damage formation, we did not perform lifetime measurements. Samples were tested for a duration of 4h to 96 h.
Characterization Methods
	Surface imaging was performed using a field emission scanning electron microscope (SEM) with low accelerating voltage to minimize damage.  An accelerating voltage of 1 kV, 3.2 mm working distance and in-lens and secondary electron detectors were used. 
	Photoluminescence (PL) and Raman measurements were taken on a confocal Raman microscope using a 100× objective lens with numerical aperture of 0.85 giving an estimated ideal spot size of 0.5 μm2. The samples were excited using a 500 mW 532 nm laser line with neutral density filters bringing it down to 0.5% laser power giving a power density of approximately 2 × 105 W / cm2. All mapping data were collected using a motorized stage with a 0.75 μm step size. Every point in the mapping measurements was taken from 5 accumulations, each with 1 s integration time. The sample-reflected signal is dispersed on a 600 lines per millimeter grating for the PL measurements or 1800 lines per millimeter grating for the Raman measurements and detected by a charge-coupled device array.
	Nanomechanical, topographic and surface potential measurements were performed on an atomic force microscope (AFM). Two principal modalities were used: AM-FM AFM[10] for simultaneous topographic and nanomechanical measurements and scanning Kelvin probe microscopy (SKPM) [11] for simultaneous topographic and surface potential measurements. AM-FM was performed with a nominal 40 N/m cantilever with ≈ 150 kHz 1st resonance frequency and ≈ 950 kHz 2nd resonance frequency. SKPM measurements were performed with a nominal 3 N/m cantilever with Ti/Ir coating for conductivity. The resonance frequency was ≈ 75 kHz. SKPM measurements were performed in double-pass, amplitude-modulation mode with a typical lift height of -30 nm compared to the tapping mode first pass. The negative lift height kept the tip within ≈10 nm of the sample surface for enhanced spatial resolution and reduced long range electrostatic forces acting on the cantilever body. For both AM-FM and SKPM, care was taken to ensure that topographic feedback was performed in a net repulsive interaction regime (i.e., phase < 90°).

3. RESULTS AND DISCUSSION
	The as-grown CVD MoS2 was observed to have triangle- and star-like crystals, often with multilayered regions in the center of the crystal surface. There was significant polydispersity of the CVD-grown sample with regards to particle size distribution (sizes ranged from seed crystals up to 30 µm per side) and observable defects (rips, tears, folds) that were all transferred to the electrode surface.  SEM images were taken of each electrode pair to identify devices of interest with crystals that had fully laid across each channel. The SEM images in Figure 1A show the dispersity of crystals in the sample, as well as a close-up image of a single MoS2 crystal across the channel of the two electrodes. 


Figure 1: Device setup and characterization. A: Schematic of electrode setup (left) with SEM image of electrode setup (middle) and MoS2 single crystal across electrode (right). Scale bar = 1 µm.  B: Initial characterization by AFM height and AM-FM AFM frequency showing distinct surface features present on the transferred crystals. C: Maps of Raman spacing of the ﻿A11g and E2g peaks (left) and photoluminescence intensity at 1.83 eV of MoS2 mounted on the electrodes (right). The mapped area includes the channel and edge of the electrode. 
Atomic force microscopy (AFM) (Figure 1B) was used in the initial characterization to confirm the different types of common defects present in the transferred crystals prior to electrical stressing (e.g., tears, wrinkles, and multilayers). Height traces (left) were used to distinguish folds and wrinkles, while the frequency map (right) was used to detect changes in stiffness for the defect areas. The stiffness in a tear, for example, is similar to that of the underlying SiO2, suggesting the full thickness removal of material. These types of defects were also present in the sample on the original growth substrate (Supporting Information (SI) Figure 1). The Raman and photoluminescence maps (Figure 1C left and right, respectively) show the material is nominally monolayer MoS2 and is consistent throughout the channel. The Raman difference between the A11g and E2g peak is approximately 19 cm-1 in the majority of the flake, as expected for monolayer MoS2, and the PL map indicates a max peak intensity at ≈ 1.83 eV in the majority of the flake. These measurements showed that the transferred MoS2 flakes were primarily monolayer and 2H (semiconducting) nature of the MoS2 flakes used in this work after transfer to the Au electrodes, but prior to exposure to electrical stress.
	Initial electrical stress measurements were performed on test devices with several MoS2 flakes all spanning the channel length of a single electrode pair. Having multiple flakes on the same electrode pair enabled the same voltage to be applied to multiple flakes in a single experiment, but since there were different volumes of MoS2 carrying current for different particles, the current and resistance of each particle were not the same. This complicated interpretation of single flake behavior. The applied stress voltage V0 was chosen to be +10 V, +20 V, or +40 V for each test device, and all stress tests were allowed to run for 4 h.   Due to the heterogeneity (e.g., flake size, flake shape, number of flakes) between test device structures, the corresponding resistance versus time data showed few meaningful trends. However, despite inconsistent electrical output trends, SEM observation showed that certain high-brightness features exhibited substantial growth which we ascribed to damage when comparing images before and after voltage application. In crystals where damage was observed, the spatial extent of the material degradation was proportional to the applied voltage.  All initial defects (e.g., rips, tears, folds) in a crystal prior to stressing did not necessarily show changes after stressing. A more extensive examination of the tested flakes found that orientation of the defect with respect to the electrodes correlated with damage progression (SI Figure 2). If the defect was parallel to the source and drain electrodes (i.e., perpendicular to current flow), the damage was consistently observed.  Defects at other angles exhibited increased areas of damage, but to a lesser extent and with lesser consistency. 
In the next phase of testing, individual flakes isolated on the electrodes (see Methods section) were subjected to a constant DC voltage V0 of +10 V, +20 V, or +40 V while the output current was measured over time. The amount of the applied DC voltage was varied to investigate how the electrical stress magnitude affected changes in device resistance. The instantaneous resistance R(t) was calculated at every time step using R(t) = V0/I(t), where I(t) is the measured current at each point.[12] The instantaneous resistance R(t) was normalized by the resistance at t = 0 s, where t = 0 s was defined as the time when the intended DC voltage was reached after an initial voltage ramp of 1V/s. The normalized instantaneous resistance  is plotted in SI Figure 3 for several isolated particles at each bias. We observed that the initial rate of change of  increases with increasing applied DC voltage, and that the total magnitude of  once in the steady-state increases with applied DC voltage. It is intuitive that a larger potential difference (i.e., bias) can manifest as a more rapid initial rate of change of , and the total change in  with increasing bias can be explained by looking at the corresponding current density J over time
. 
The current density was determined by dividing the measured current by the cross-sectional area of each flake. It was assumed that each flake was nominally a single monolayer (0.65 nm thickness) and the flake width was taken as the average between the length of the flake in contact with the drain electrode and the length of the flake in contact with the source electrode. The initial maximum current densities ranged from 102 A/cm2 – 104 A/cm2 depending on the applied DC voltage, which is an upperbound estimate given the assumption of purely monolayer MoS2. However, at long durations the current density was observed to taper off at ≈102 A/cm2 independent of the applied stress voltage. The constant current density appears to be an intrinsic property of this set of MoS2 flakes.  Additionally, the observed material damage at moderate to low current densities, and that the measured current densities in this work are several orders of magnitude less than the record breakdown current densities previously measured for MoS2[13] or expected operating conditions in devices.


Figure 2: Defect Growth. A) Various MoS2 flakes before and after electrical stressing, emphasizing contrast changes.  S = source electrode, D = drain electrode.  B) Time series of a MoS2 flakes exposed to increasing time under electrical stress.  Yellow and red electrodes indicate initial defects that grow with time.
	
Similar to the multi-flake measurement, damage was consistently observed in defects parallel to the electrodes.  Figure 2A shows individual flakes spanning the 4 µm gap in the source (S) and drain (D) electrodes.  Feature-broadening damage was most notable for the parallel defects closest to the source electrode.  To understand if this growth was time-dependent, we subjected a flake to 8 h of electrical testing, with short interruptions to image the particle (Figure 2B).  Prior to stressing (i.e., t = 0 h), we identified two defects parallel to the electrodes located near the source electrode.  After 1 h, we see the widening of the defect (brighter region in SEM image), but we also see contrast at the defect where we can still see the initial defect is slightly brighter. The defect ‘grows’ towards the drain, in the direction of electron flow. Under further accumulated stress at 2 h, 4 h, and 8 h total, we can still see the original defect, but there has been growth of the damage region at each time step. The total distance the defect has grown is consistent with a one-dimensional diffusive process as the increase in width of the defect scales as t0.5, like the root-mean squared displacement.[14]  When the empirical diffusion coefficient  (2.8 nm2 s-1) was used to predict the growth of another defect (SI Figure 4), we found our experimental results agreed with a growth of approximately 1 µm after 24 h with an applied voltage of 40 V.  Even though there is considerable growth of a defect, we do not observe a distinct signature in the resistance vs time plots; if the defect extended the entire length or width of the flake, we would have expected an open circuit (i.e. the undamaged region provides sufficient cross section to not perturb total current flow) but can not draw conclusions in an intermediate state.
To explain what was occurring in this region of contrast, flakes were subjected to SEM imaging, AFM imaging, and photoluminescence spectroscopy before and after being subjected to electrical stress. Figure 3 shows the changes before and after electrical testing.  Before biasing the material, SEM imaging identified three potential surface features that were more likely to show material damage. Close-up SEM images of defect I are shown in SI Figure 5. AFM height, stiffness and dissipation maps were examined in these three regions (identified as I, II, and III) prior to applying a voltage across the material.  The stiffness maps were normalized to the modulus value on the bare electrode to allow straightforward comparison with different cantilevers. The defect highlighted in the SEM images (defect I) did not appear in the stiffness or height maps but was apparent when imaged in dissipation mode. In the dissipation channel, the defect is similar in dimension to the SEM image, and overall energy dissipation is reduced, which may correspond with local variation in adhesion to the substrate or a surface contaminant.  After initial characterization, the flake was subjected to +20 V bias for 96 h.  

Figure 3: Changes in a MoS2 crystal were tracked.  The source electrode is on the right, drain electrode on the left with a triangular MoS2 flake spanning the gap between electrodes. Before testing, defects were identified (circles) on a single MoS2 crystal spanning two electrodes by SEM, AFM (height, stiffness and dissipation maps). Defect I was not initially observable in the AFM height or stiffness maps, but was observed as a region exhibiting a change in dissipation. The flake was then subjected to 20 V for 96 h and reimaged. After biasing, the defects grow in the direction of electron flow and there is a region of observed damage in the SEM images, surface roughness change observed in the height maps, and measurable differences in stiffness.  When looking at the surface potential after biasing, defects I and II demonstrate a ~30 mV change in the defect region.  SEM scale bar = 1 µm.
 After biasing the material, the defect highlighted in the SEM image (defect I) led to a region of observable contrast change we associate with material damage (darker contrast area). This area grew consistently with the temporal measurements, shown in Figure 2 and SI Figure 4.   The corresponding AFM height maps show no change in the material height, but there is a slight increase in surface roughness in the area of defect I.  While overall the crystal exhibits reduced normalized stiffness comparing pre-bias and post-bias, locally higher stiffness is observed in the three defect regions compared to the surrounding bulk MoS2 crystal.  Surface potential mapping shows that defects I and II exhibit a similar change in surface potential of ~30 mV lower than the bulk of the MoS2 flake. Changes on the order of 20 mV - 33 mV have been previously observed in MoS2 materials and are attributed to changes in active sites or higher density of defects, dislocations and local stresses, sometimes associated with edge effects and surface anomalies in the material.[15] Defect III shows an increase in dissipation and surface potential which is the response expected for a rip or multilayer fold in the material.  


Figure 4: Photoluminescence spectra of a MoS2 flake before and after electrical stress.  Photoluminescence spectra were collected at spots indicated by dots on SEM images and compared before/after stress in the same region.  For the ends of the sampled area, there is an observed increase in the high energy region, while in the middle of the flake, especially for the blue, green and purple region, there is an increase in the low energy region. Scale bar = 1 µm.
Photoluminescence results are presented in Figure 4 with pre- and post-testing spectra shown for each spot on the flake. Prior to electrical stress, the spectra are characteristic of 2H-MoS2 with the A and B exciton peaks around 1.83 eV and 1.95 eV, respectively.[16] It should be noted that the resolution of the PL map is limited to approximately 1 m and thus the spectra capture an average of the sample underneath the laser at that location and placement before/after electrical stressing could not be exactly reproduced. The approximate size and location of each spot is shown on the images. After electrical biasing, PL spectra taken near the source electrode where a defect is visible in the SEM image show an additional peak at ~1.67 eV indicative of intragap states that could have likely developed from defects due to electrical stress. The peak at ~1.67 eV intensity increases post testing and appears to be concentrated in the region where the propagated defect is visible in SEM (SI Figure 6) and the overall intensity at 1.83 eV is decreased in this region (SI Figure 7).  Given the present characterization methods, we attribute the gap state enhancement to dangling bonds that have been formed along the edge of the defect, as well as other undetermined defects in the MoS2 structure, which are known to give rise to gap state peaks in the MoS2 photoluminescence spectra.[17] There is a peak at 1.95 eV around both the source and drain electrodes, which corresponds to the B exciton of MoS2. An increase of the B/A ratio (dominated by a quenching of the A exciton peak in unnormalized data) can likely be attributed to non-radiative decay pathways, and is consistent with enhancement seen on stepped gold structures previously.[18]
The material damage observed here is different from damage commonly seen as a result of sample aging.   Photoluminescence testing of this sample after aging exhibited dramatic degradation in material quality uniformly throughout the sample (SI Figure 8).  Surface roughness in the region remained similar to the post-bias imaging level, as did the AFM height maps, but there is overall less stiffness contrast between the initial 2D crystal, defects, electrodes and substrate. The uniformity of the observed changes in stiffness and photoluminescence shows the changes are not localized like those related to the DC-voltage protocol, but more likely a result of aging breakdown in the material.
	In total, the evidence suggests there is an increase in the density of defects, as well as changes in stiffness and surface potential after applying a constant DC voltage on MoS2 crystals.  However, the defect type, origination and growth mechanisms are still not well understood. With defects other than line defects, there was no apparent change in the structure or growth of the defects, suggesting that the energy required to induce broadening in these defects is greater than the energy required to induce broadening of the defects parallel to the electrodes (i.e., perpendicular to electron flow). It is possible that the initial defect in the material acts as a nucleation site and thus promotes formation of further defects by decreasing the activation energy. 
4. CONCLUSIONS
Defects, especially those exacerbated by an applied bias may have significant device-scale impacts. In this work, defect-ridden CVD-grown MoS2 single crystals were tested to determine how defects changed under electrical stresses. Observed tears or cracks that were oriented parallel to the electrodes (normal to the electric field) were found to act as reliable predictors or loci for material damage sustained during electrical stressing. The changes in the 2D material were proportional to the applied stress voltage and increased time under stress is directly related to increased damage.  The material changes did not lead to a repeatable response in the corresponding resistance vs time curve, indicating that electrical stress tests may not recognize early degradation of 2D materials when used for electrical applications. Further work towards understanding the mechanism of defect formation under electrical stress is needed.
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