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Abstract 

Layered transition metal dichalcogenides (TMDs) and other two-dimensional (2D) materials are promising 

candidates for enhancing the capabilities of complementary metal-oxide-semiconductor (CMOS) 

technology. Field-effect transistors (FETs) made with 2D materials often exhibit mobilities below their 

theoretical limit, and strategies such as encapsulation with dielectrics grown by atomic layer deposition 

(ALD) have been explored to tune carrier concentration and improve mobility. While molecular adsorbates 

are known to dope 2D materials and influence charge scattering mechanisms, it is not well understood how 

ALD reactants affect 2D transistors during growth, motivating in situ or operando studies. Here, we report 

electrical characterization of MoS2 and MoTe2 FETs during ALD of MoOx. The field effect mobility 

improves significantly within the first five cycles of ALD growth using Mo(NMe2)4 as the metal−organic 

precursor and H2O as the oxidant. Analyses of the in situ transconductance at the growth temperature and 

ex situ variable temperature transconductance measurements indicate that the majority of the mobility 

enhancement observed at the beginning of dielectric growth is due to screening of charged impurity 

scattering by the adlayer. Control experiments show that exposure to only H2O or O2 induces more modest 

and reversible electronic changes in MoTe2 FETs, indicating that negligible oxidation of the TMD takes 

place during the ALD process. Due to the strong influence of the first <2 nm of deposition, when the 

dielectric adlayer may be discontinuous and still evolving in stoichiometry, this work highlights the need 

for further assessment of nucleation layers and initial deposition chemistry, which may be more important 

than the bulk composition of the oxide itself in optimizing performance and reproducibility. 
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Introduction 

Layered transition metal dichalcogenides (TMDs) and other two-dimensional (2D) materials are 

promising candidates for enhancing the capabilities of complementary metal-oxide-semiconductor (CMOS) 

technology.1 Although they can exhibit phenomena such as semiconductor-to-metal transitions2 that allow 

for novel devices3,4 and can be scaled more aggressively than conventional CMOS technology, transistors 

made with 2D materials often exhibit mobilities below their theoretical limit.5 Furthermore, unintentional 

doping remains an issue, and conventional substitutional doping can degrade mobility.6 These challenges 

have motivated considerable efforts both to improve mobility and also dope 2D materials without degrading 

mobility. 

Beyond improving the starting quality of the 2D crystal itself,7,8 mobility can be improved with 

ALD oxide encapsulation.9 Upon encapsulation, two scattering sources are impacted:5 remote phonons are 

introduced from the encapsulation, and charged impurity (CI) scattering may be modified. Conventionally, 

charged scattering centers of any type, including impurities, adsorbates, and interface traps, are collectively 

referred to as charged impurities. In a perfect crystal free of defects and contamination, dielectric deposition 

could in principle decrease mobility because scattering from remote polar phonons would increase.5 In 

practice, CI scattering from point defects and interface traps often limits the mobility at room temperature 

in TMDs5,9−13 for two reasons. First, screening is reduced in atomically thin semiconductors. Second, typical 

fabrication methods result in a high density of point defects in the material and charge traps at the substrate 

interface. In this context, dielectric encapsulation tends to improve the field effect mobility because the 

increased dielectric constant relative to vacuum5,14 reduces the Coulomb potential of the CIs. If the dielectric 

deposition also dopes the TMD, the additional free carriers can also enhance screening of impurities.5 Prior 

ex situ studies of devices with different thicknesses of dielectric15,16 have confirmed expectations that the 

first few nanometers of dielectric have the greatest impact on mobility. However, it is possible that 

significant mobility enhancement precedes complete dielectric coverage, and such ex situ studies provide 

incomplete mechanistic understanding. For example, it has been reported that the density of CIs may also 

be reduced upon exposure to gaseous reactants,17 smoothing out the charge distribution. Furthermore, the 

poorly defined stoichiometry and the instability of very thin nucleation layers in ambient handling or 

measurement conditions further complicate analysis of this regime in ex situ measurements.  

In parallel with efforts to improve mobility, many processes have been identified to dope TMDs, 

but not all of them maintain or improve mobility. Substitutional doping tends to degrade mobility due to 

generation of defects that scatter carriers.6 Charge-transfer doping with molecular adsorbates or metal 

nanoparticles can increase mobility by increasing free carrier screening,18 but this doping scheme generally 

requires additional processing to ensure long-term stability. Charge transfer doping with dielectric 

encapsulation has the potential to improve mobility19 and achieve ambient stability20 at the same time. In 
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our previous work, MoOx grown by atomic layer deposition (ALD) was used to dope MoS2 with electrons 

or holes.21 ALD-grown dielectric encapsulation is desirable because it can be performed at temperatures 

compatible with polymeric materials and can be used on large area substrates.22 Doping TMDs with 

dielectric encapsulation has been attributed to transferring of charges due to differences in energy level 

alignment,6,19 but some reports have also claimed that diffusion of ions23 or fixed charges24 produce the 

observed changes in carrier concentration. In addition, oxidants used in dielectric growth such as H2O and 

O2 have themselves been reported to dope air-unstable TMDs such as MoTe2.12,25,26 Such species may 

adsorb to dope TMDs by charge transfer18 or in some cases may even oxidize TMDs,27−29 which changes 

the electronic band structure.30 One must therefore ask whether doping more stable (e.g., MoS2) and less 

stable (e.g., MoTe2) TMDs by ALD-grown dielectrics occurs via a common mechanism. 

In situ monitoring of electronic changes in an FET during ALD growth can provide new insights 

into the mechanisms that influence mobility enhancement and doping.31 Transport measurements during 

the early cycles of dielectric growth should be particularly informative as the semiconductor−dielectric 

interface is created in the first few growth cycles at a time when each ALD half-cycle can induce significant 

changes in mobility and carrier concentration. Such conditions cannot be reliably reproduced by ex situ 

measurements on a series of films of different thicknesses, motiving in situ measurements during film 

formation.32 Such measurements could also be considered operando measurements, as the FET is probed 

under typical electrical operating conditions, but during processing steps that impact the electrical output 

characteristics. 

Here we report in situ electronic measurements on MoS2 and MoTe2 FETs during ALD MoOx 

growth. We find that dielectric deposition improves the mobility by factors of 2 to 9. The in situ studies 

show that most of the enhancement occurs within the first few deposition cycles, implying that dielectric-

induced changes in mobility and carrier concentration occur prior to formation of a continuous, 

stoichiometric, and air-stable dielectric. At longer timescales, gradual decreases in mobility with dielectric 

thickness are observed, clearly differentiating the two regimes. The change in the temperature dependence 

of the mobility observed in subsequent ex situ variable-temperature measurements indicates that the 

improved mobility is predominantly due to screening of charged impurities rather than reaction with or 

passivation of defects. The submonolayer dielectric regime, which would be difficult to study with ex situ 

measurements, is of paramount importance to the mobility-enhancing effects of dielectrics and merits 

further exploration with in situ and operando measurements.  

 

Results and Discussion 
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In situ measurements were carried out on 2D FETs fabricated from exfoliated MoS2 and MoTe2 by 

electron beam lithography (see Experimental Section). As noted above, many prior studies have reported 

that oxidizing species dope MoS2 and MoTe2. To provide context for interpreting the evolution of mobility 

(μ) and carrier concentration (n) during dielectric deposition, we first conducted experiments to isolate the 

effects of oxidant exposure. MoTe2 FET devices were measured before, during, and after exposure to H2O, 

O2, and O3 at temperatures and pressures comparable to those used for ALD. FETs were measured in a 

standard 3-terminal configuration (Figure 1a) in a modified ALD reactor (Figure 1b), and the mobility and 

carrier concentration were extracted using methods33,34 described in Supporting Information S1. 

Measurements, exposures, and growths were performed at 80 °C unless otherwise noted. Transfer curves 

taken in vacuum immediately before and after oxidant exposure reveal that water and oxygen both have a 

small but measurable effect on carrier concentration and a negligible effect on field-effect mobility. 

Mobility varies by less than 1 cm2/Vs from the starting value of 25 cm2/Vs, which is negligible considering 

the ca. 3 cm2/Vs uncertainty introduced by an increase in hysteresis. After exposure to oxygen, the FET is 

depleted by 2.2 × 1018 cm-3 (a 22% reduction), while after exposure to water, the FET is depleted by 0.6 × 

1018 cm-3 (a 7% reduction), which is less than 20% of the doping observed with subsequent dielectric 

encapsulation. This modest shift is likely due to oxygen or water molecules adsorbed on the surface acting 

as acceptors as previously reported.24,26 The shift is reversible; baking the device at 180 °C without breaking 

vacuum restores the original transfer curves, consistent with charge-transfer doping by weakly bound 

species. 

The change in transport can also be monitored in real time via conductivity. As electrons are the 

majority carriers, the current is proportional to the conductivity 𝜎 = 𝑛𝑒𝜇𝑒, where e is the unit charge, and 

depletion of the n-type channel should manifest as a reduced conductivity. Figure 1c,d shows sharp 

decreases in current (normalized per unit width) upon exposure to pulses of oxygen and water, respectively, 

with conductivity mostly recovering on the time scale of minutes. Similar to ambient exposure at room 

temperature,24,26 changes in electronic properties from exposure to oxygen and water at 80 °C can be 

reversed with annealing (Figures 1e,f). We conclude that, at the ALD growth temperature and the timescale 

for exposure to ALD reactants (30 min or less), neither oxygen nor water reacts irreversibly with MoTe2. 

The same behavior can be expected for a more stable TMDs such as MoS2, where oxidation with oxygen 

or water on the time scale of tens of minutes requires temperatures of at least 250 °C.43 Meanwhile, harsher 

conditions such as annealing at 250 °C reportedly oxidatively dope MoTe2. 24,26 Similarly, our in situ 

measurements during exposure to O3 (Supporting Information Section S2) show that O3 modifies 

transport in MoTe2 irreversibly, consistent with prior reports on p-type transport after partial oxidation of 

MoTe2 to MoO3.27 Hence, the studies of changes in doping and mobility during growth reported below are 

limited to oxygen and water as oxidants.  
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In situ electrical measurements were carried out on MoS2 (Figure 2) and MoTe2 (Figure 3) FETs 

during oxide ALD. Approximately 10 nm of MoOx was grown in a two-step cycle consisting of alternating 

doses of Mo(NMe2)4 and H2O. Then, approximately 10 nm of Al2O3 was grown with alternating doses of 

AlMe3 and H2O to ensure ambient stability (MoOx is not stable in air). Both growths were performed at 

80 °C. Low temperature ALD (<100 °C) is useful for promoting initial nucleation by physisorption on 

relatively inert van der Waals surfaces.31,35,36 During growth, the channel current was measured 

continuously at a fixed gate voltage in accumulation (Vg = 55 V unless otherwise noted). Every five cycles, 

growth was paused to measure the transfer characteristic (VDS set at 0.5 V), enabling the extraction of 

transport parameters. Figure 2a shows the real-time current density IDS during the first five cycles of MoOx 

growth on a MoS2 FET; the inset shows current (per unit width) during the entire ALD growth. Electrical 

measurements with corresponding chamber pressure transients are shown in Supporting Information S8 

and provide a more detailed view of the changes induced by each precursor species. From each transfer 

curve (Figure 2b,c), a carrier concentration n (Figure 2d) and intrinsic mobility μ0 (Figure 2e) were extracted 

by fitting to a model for FET transfer characteristics in accumulation with a mobility attenuation factor 

(such as that used in the “Y-function” method33,34); details are provided in Supporting Information S1. Both 

the extracted carrier concentration and mobility sharply increase at the beginning of MoOx growth: after 

the first five cycles, for MoS2, n increased by 60% and μ0 increased by 2.6 times (calculated in Supporting 

Information S4). The increase in electron doping with MoOx deposition is consistent with our previous 

work, showing that the stoichiometry of MoOx can be used to control doping in MoS2.21 Intriguingly, fully 

80% of the mobility change of the entire growth occurs within the first 5 cycles where the dielectric is 

expected to be less than 1 nm thick. 

Significant changes in electrical properties evidently occur even within the first cycle of deposition, 

during which IDS increases by 12.4 times. Since 𝜎𝑛 = 𝑛𝑒𝜇𝑛, changes in conductivity reflect changes in 

mobility, carrier concentration, or both. For example, the small downward changes in conductivity with 

oxidant exposure after the first metal-organic half-cycle are consistent with changes in work function (and 

thus charge transfer) as the local stoichiometry shifts from oxygen-rich to oxygen-deficient and back again. 

21 Considering that the mobility increases 2.6 times during the first 5 cycles, and that the conductivity after 

one cycle is comparable to the conductivity after 5 cycles, it is likely that a majority of the change in 

mobility occurs in the first cycle (the electron concentration after one cycle would need to be substantially 

above its value at 5 cycles for this not to be the case). Qualitatively similar behavior is also seen in the 

MoTe2 FET measured in parallel. Figure 3a shows MoTe2 current density IDS and transfer curves collected 

every five ALD cycles are shown on linear (Figure 3b) and log (Figure 3c) scales. Similar to MoS2, after 

the first five ALD cycles, there is a sharp increase in n (by 50 %, Figure 3d) and 0 (by 9.4 times, Figure 

3e) for MoTe2. More than 75 % of the total change in 0 occurs in the first five cycles, as observed with 
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MoS2. Likewise, IDS increased by 21 times at the end of the first ALD cycle, once again indicating 

significant changes in transport with less than a monolayer of dielectric. We note that while the large 

increase in mobility for both MoS2 and MoTe2 occurs within the first (nominal) nanometer of MoOx growth, 

the mobility decreases slightly after ca. 2 nm of growth (Figures 2e and 3e). this could suggest that the 

composition of the dielectric is still evolving. The changes in FET characteristics terminate upon deposition 

of an Al2O3 capping layer (Supporting Information Section S5), which may indicate that alumina prevents 

diffusion species into or out of the underlying MoOx.  

The carrier mobility is inversely proportional to the scattering rate and effective mass.37 Since the 

effective masses of the TMD carriers are not significantly changed by the presence of an oxide,38 an increase 

in mobility indicates that carrier scattering has been reduced. Intrinsic phonons, polar surface optical 

phonons, charged impurities (CI), and atomic (uncharged) defects are each sources of scattering in 2D 

FETs,5 and the distinct temperature dependences of these scattering processes may be used to determine 

the dominant process at a given temperature.5,37 As discussed in the introduction, intrinsic electron−phonon 

scattering rates are typically smaller than those of (remote) polar surface optical phonon scattering and 

charged impurity scattering for typical encapsulated devices at room temperature.5,9,11−13 Temperature- 

dependent studies confirm that our unencapsulated devices are indeed limited by CI scattering, as discussed 

further below. We note that impurities in the semiconductor are not the only type of charged impurity; CI 

scattering occurs with any large, localized variations in the potential landscape of the semiconductor, which 

may be due to impurities, adsorbates, or interface traps. Indeed, the adsorption of ALD precursors and the 

growth of a disordered oxide could potentially add CIs, yet the increase in mobility nonetheless indicates 

that the overall CI scattering rate is reduced. 

One possible explanation for the observed increase in mobility during encapsulation is that the 

dielectric screens CIs.5,39 In other words, the dielectric is locally polarized by the Coulomb potential around 

the CIs, and this polarization in turn reduces or screens the Coulomb potential. However, during the initial 

deposition cycles studied here, the surface is not yet covered with a continuous oxide, so a model based on 

a homogeneous dielectric medium of increasing thickness is not appropriate for describing changes at a low 

cycle number. Indeed, the large increase in current with the first dose of a metal−organic precursor suggests 

that incomplete coverage of the surface with oxygen-deficient species, perhaps including molecular species, 

is enough to significantly enhance transport in a TMD. In the absence of a continuous encapsulation layer 

with a well-defined dielectric constant, we should consider how adsorbed molecules or patchy oxide 

clusters influence the charge transfer and screening that produce the observed changes in conductivity. Prior 

work has shown that even modest coverages of molecules (<1/nm2 for an areal coverage of <10%) can 

significantly neutralize, displace, or screen CIs.40,41 Although molecular adsorbates may not form a 

homogeneous effective medium, they have a finite polarizability and therefore locally screen the Coulomb 
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potential of CIs in the same manner as continuous dielectrics. Furthermore, our prior work21 suggests that 

MoOx growth under these conditions nucleates without significant intramolecular bonding to the underlying 

MoS2, so chemical reactions with the 2D material do not necessarily play a dominant role in the observed 

changes in mobility and doping. Finally, we note that the possibility of adsorbate-induced modulation of 

the metal−semiconductor contact resistance was ruled out through control experiments described in 

Supporting Information S6. This perspective is consistent with the variable-temperature measurements 

discussed below. 

To refine understanding of the microscopic origins of the improvement in mobility, we analyzed 

the temperature dependence of the mobility (extracted from the transfer curves in Supporting Information 

S7).5,9,14,23 The power law exponent  , where 𝜇~𝑇−γ, may be used to identify the dominant source of 

scattering provided the influence of dimensionality is accounted for. For conventional semiconductors 

where mobility is limited by CI scattering, the mobility typically increases with temperature (a negative γ) 

due to decreasing interaction times of carriers and CIs with increasing thermal velocity.37 In contrast, in 

TMDs with high concentrations of both CIs and free carriers, the mobility decreases with increasing 

temperature (near room temperature) because the free-carrier screening of CI scattering diminishes.5,14 In 

other words, free-carrier screening mitigates CI scattering to increase the mobility overall, but with 

increasing temperature, this mitigation is reduced, resulting in a mobility that decreases to approach the 

(lower) CI scattering-limited mobility at higher temperatures. Indeed, the unencapsulated MoTe2 device 

displays a positive γ of 2.5 ± 0.5 (Figure 4), confirming that mobility is limited by CI scattering, as proposed 

above based on the observed mobility increase with MoOx deposition.  

After oxide deposition, γ = 0.28 ± 0.1, which is consistent with CI screening by a mechanism that 

is only weakly dependent on temperature. Such a small value is not consistent with phonon scattering, 

increased free-carrier screening, or a simple reduction in CIs. Phonon scattering would result in a γ of 1.5 

or greater, depending on the phonon modes.5,11 Free carrier screening, as seen in the unencapsulated sample 

and in theoretical models,5 results in a steeper temperature dependence (γ > 0.8) and would not change 

dramatically due to the small (20−50%) changes in carrier concentration seen here. Passivation alone, i.e., 

a reduction in the density of CIs, would improve the mobility, but γ would not change. Based on the 

observed decrease in γ upon encapsulation, we conclude that the influence of dielectric screening, which is 

largely temperature-independent,5 has increased relative to these other contributions. While free-carrier 

screening and optical phonon scattering almost certainly increase, and passivation may occur, their effects 

on mobility are minor compared to screening by a polarizable medium such as a dielectric or polarizable 

molecules, which results in a mobility enhancement that is preserved at higher temperatures. 

 

Conclusion 
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In summary, in situ experiments on TMD FETs encapsulated with ALD oxide dielectrics revealed 

the disproportionate influence of the initial oxide deposition cycles on device performance. Carrier 

concentration and mobility both increase dramatically within the first five ALD cycles. We attribute the 

majority of the increase in mobility to a reduction in CI scattering due to increased dielectric screening of 

CIs in the early stages of dielectric growth. Further improvements in performance might be realized by 

optimizing the initial exposure, potentially with conditions or species that differ from the steady-state oxide 

growth conditions. We note, for example, that seeding layers or oxidation treatments have been used to 

promote ALD growth of dielectrics27,42−44 on two dimensional materials but are not necessarily 

independently optimized for preservation or enhancement of mobility. Further progress in mobility 

enhancement through encapsulation may be realized via multistep processes that are designed to optimize 

the interface and first nanometer of the material separately from the bulk of the dielectric. The in situ 

methodology demonstrated here provides an efficient way to study these and other questions of evolving 

interfaces and transport in nanoscale electronic devices such as 2D FETs. 

 

Experimental Section 

 

2H-MoTe2 crystals were grown using chemical vapor transport as described in reference45 and MoS2 

crystals were purchased from SPI Supplies. To fabricate FETs, MoTe2 and MoS2 crystals were 

mechanically exfoliated onto 285 nm SiO2/Si wafers, with degenerately doped Si as the back gate. A 

standard two-step electron-beam lithography process was used to define thermally evaporated gold contacts. 

Devices were connected to an ALD compatible custom chip carrier via wedge bonding, which was loaded 

into the ALD reactor and connected via UHV-grade cabling and feedthroughs (Accu-Glass Products) to 

Keithley 2400 source-measure units. 

In situ measurements on MoS2 (Figure 2) and MoTe2 (Figure 3) FETs were carried out in a modified 

Ultratech Savannah S200 with an in situ quartz crystal microbalance (QCM) and an insulated lid under 

continuous, viscous flow conditions with 20 sccm ultrahigh purity N2 (99.999%, Airgas) as a purge gas. 

Degassed HPLC-grade water (Fisher) and ultra-high purity oxygen (99.996%, Airgas) were dosed to 

achieve partial pressures of 2 Torr in the chamber.  

MoOx was grown at 80 °C in a two-step cycle consisting of a Mo(NMe2)4 dose, a 30 s purge, a H2O dose, 

and a 30 s purge. Following the growth of approximately 10 nm of MoOx, approximately 10 nm of Al2O3 

was grown by alternating doses of trimethyl aluminum (Sigma-Aldrich) and H2O to ensure ambient stability. 

During growth, the channel current was measured continuously at a fixed gate voltage in accumulation (Vg 

= 55 V unless otherwise noted). Every five cycles, growth was paused to measure the transfer characteristic 
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(VDS set at 0.5 V), enabling the extraction of transport parameters. With 20 sccm ultrahigh purity N2, the 

reactor pressure during measurement was 0.3 Torr. 
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Figure 1. In situ measurements of 2D FETs. (a) Schematic of a backgated FET. (b) Schematic of the 

modified ALD reactor for in situ measurements. SMU is source-measure unit. (c) Pulsed oxygen and (d) 

water exposures on MoTe2 at 180 °C with VG set at 0 V and VSD set at 0.05 V, showing reversible changes 

with time in current density. Transport characteristics (VSD set at 0.1 V) are reversible with annealing at 

180 °C after 30 min exposure to (e) oxygen or (f) water at 80 °C. 
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Figure 2. Evolution of electronic properties of MoS2 during ALD MoOx growth. (a) Current density IDS 

during the first five cycles of growth with VG set at 55 V and VSD set at 0.05 V. Inset: IDS during the entire 

growth. (b) Consecutive transfer curves collected every five ALD cycle for 35 cycles showing increasing 

current density (indicated by arrow). (c) Transport characteristics collected for the rest of the growth, during 

which current density decreases, as indicated by the arrow. (d) Carrier concentration n and (e) intrinsic 

mobility μ0 are extracted from (b) and (c), showing significant increase at the beginning of growth. 
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Figure 3. Evolution of electronic properties of MoTe2 during ALD MoOx growth. (a) Current density IDS 

during the first five cycles of growth with VG set at 55 V and VSD set at 0.05 V. Inset: IDS during the entire 

growth. Consecutive transfer curves collected every five ALD cycles for the entire growth in (b) linear) and 

(c) log scale. The increase in minimum current is partially due to an increase in leakage current (on the 

order of 10 nA) through MoOx. Arrows indicate sequence of transfer curves. (d) Extracted carrier 

concentration n and (e) intrinsic mobility μ0 show significant increases at the beginning of growth. 
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Figure 4. Variation of MoTe2 mobility with temperature before and after MoOx encapsulation.  

μ ~ T-ɣ dependence changes from ɣ = 2.5 to ɣ = 0.28 with MoOx encapsulation. The error in ɣ is one standard 

deviation of the linear fit in the 180 K to 353 K range.  
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Supporting Information S1. Extraction of VTh and 0 from Transfer Characteristics 

Source-drain current during strong accumulation (when the transconductance was decreasing) was modeled 

with Equation (1) below1,2, which assumed constant contact resistance and variable channel resistance,  

 

𝐼𝐷 =
𝑊

𝐿
𝐶𝑔𝑎𝑡𝑒(𝑉𝐺 − 𝑉𝑇ℎ)

𝜇0

1+𝜃∙(𝑉𝐺−𝑉𝑇ℎ)
∙ 𝑉𝐷                                                                                              (1) 

 

where 𝐼𝐷 was the source-drain current and 𝑉𝐷 was the applied source-drain bias, 𝑊 and 𝐿 were the width 

and length of the field-effect transistor (FET) channel, respectively. 𝐶𝑔𝑎𝑡𝑒 was the capacitance of the gate 

dielectric, 𝑉𝐺 was the applied gate bias, 𝑉𝑇ℎ was the threshold voltage, 𝜇0 was the intrinsic mobility of the 

channel, and 𝜃  was the mobility attenuation factor, which could be expressed as 𝜃 = (𝑊/

𝐿)𝜇0𝐶𝑔𝑎𝑡𝑒𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠, where 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 was the contact resistance.  

To extract VTh and 0, we assumed mobility to be carrier-concentration independent. In multilayer 

transition metal dichalcogenides (TMDs), carriers near the gate dielectric-TMD interface screen impurities 

at the interface, reducing scattering for carriers farther away from the interface3. Likewise, with multilayer 

TMDs, where carriers screened changes at the top atomic layer deposition (ALD) growth surface, gate 

capacitance could be assumed to be constant during oxide growth4. Using the parallel-plate approximation, 

the carrier concentration is 𝑛2𝐷 = 𝐶𝑔𝑎𝑡𝑒(𝑉𝐺 − 𝑉𝑇ℎ)/𝑒, where 𝑒 is the elementary charge. The 3D carrier 

concentration can then be determined as n = n2D/t where the thickness t can be measured by AFM. 

During oxide growth, contact resistance changed minimally (Figure S1a). In order to fit source-

drain current with less noise, contact resistance for each transfer curve was set as the average contact 

resistance of all the extracted RContact from operando ALD growth. With variable temperature measurements 

(80 K to 353 K), mobility was extracted with constant contact resistance. Contact resistance varied within 

1 k (Figure S1b), which was on the same order of magnitude as errors associated with parameter 

extraction. To reduce fitting noise, contact resistance was set to be the average value of the extracted RContact 

within the temperature range. 

This analysis furthermore assumes that contacts are ohmic, and do not limit transport aside from 

the introduction of a series resistance. The devices measured here were confirmed to be ohmic by inspection 

of the linear output curves presented in Figures S2 – S6. 
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Figure S1. Variations in contact resistance. a, Operando contact resistance during MoOx growth on 

unmasked MoS2. Grey regions indicate three standard deviations for each extracted contact resistance. Due 

to the small variation in contact resistance throughout the growth, it is assumed constant for n and μ0 

extraction. b, Contact resistance for unmasked MoS2 from 80 K to 353 K. Grey regions indicate three 

standard deviations for each extracted contact resistance. Due to the small variation in contact resistance 

with respect to temperature, it is assumed constant in μ0 extraction.  

 

a 

b 
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Figure S2. Output curves of MoTe2 as loaded into the ALD chamber and post 180 C annealing. 

 

 

 

 

Figure S3. Output curves of MoTe2 post oxygen and water exposure. 
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Figure S4. Output curves of MoTe2 pre and post ozone exposure. With ozone exposure, leakage current 

increased, likely due to oxidation of MoTe2 surface.   
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Figure S5. Output curves of MoS2 and MoTe2 pre and post ALD MoOx/Al2O3 growth. 
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Figure S6. Output curves of Exposed Channel and Exposed Contacts MoS2 pre and post ALD 

MoOx/Al2O3 growth. 
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Supporting Information S2. Ozone Exposure 

Operando measurements during exposure to O3 (Figures S7a, b) show that O3 modifies transport 

in MoTe2 irreversibly, consistent with prior reports on partial oxidation forming MoO3. After ozone 

exposure, electron mobility decreases by two orders of magnitude ((19 to 0.2) cm2/(Vs)) and electron 

concentration decreases from (5.0 to 2.5) ×1018 cm-3, while hole mobility increases from a negligible value 

to 0.4 cm2/(Vs). The original carrier concentration and mobility is not fully recovered after annealing, but 

rather the electron concentration remains 40 % lower and the mobility remains 89 % lower. The 

irreversibility is likely due to oxidation of MoTe2 surface5. In real time, the first 3 ozone doses decrease 

current density (at a gate voltage of 0 V) as seen in Figure S7a top, while the subsequent doses (Figure 

S7a bottom) increase current density. This can be understood as a crossover from measuring electron 

depletion to hole accumulation as the majority carrier type changes in this ambipolar device 

 

Figure S7. Effects of ozone exposure on MoTe2 FET. a, When ozone is pulsed into the chamber, the 

continuously monitored channel current (at VDS = 0.5 V and VGS = 55 V) decreases with the initial 3 pulses 

(top) and increases with the subsequent 3 pulses. b, Electron mobility and concentration decrease after 

exposure, and are not recovered by baking at 180 °C. 
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Supporting Information S3. Channel current changes correlate with precursor introduction 

 

 

Figure S8. Time dependence of chamber pressure correlated with IDS of unmasked MoS2. The first 

pulse is Mo(NMe2)4, and the second pulse is H2O. The two-step cycle alternates until 10 nm of MoOx is 

grown. 
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Supporting Information S4. Calculation of mobility changes during initial cycles 

Table S1. Table of values for percent increase calculation for unmasked MoS2 FET.  

 ALD Cycle 0 ALD Cycle 1 ALD Cycle 5 % Inc 

n 1.2 × 1019 cm-3 -- 1.9 × 1019 cm-3 60 

μ0 29 cm2/(Vs) -- 74 cm2/(Vs) 160 

IDS 
 0.37 A/m (forward sweep*) 

 0.37 A/m (backward sweep) 
0.88 A/m 0.92 A/m  

140⊥ 

140⊥ 

* IDS forward sweep comes from transfer curve measurement; backward sweep comes from IDS real-time 

monitoring. Applies to Tables S1-S2. Tables S3-S4 only report IDS from real-time monitoring. 

⊥ % increase calculated between ALD Cycle 0 and ALD Cycle 1. ALD Cycle 5 IDS is reported, but not used 

in calculations. Applies to Table S1-S4. 

 

Table S2. Table of values for percent increase calculation for unmasked MoTe2 FET.  

 ALD Cycle 0 ALD Cycle 1 ALD Cycle 5 % Inc 

n 4.7 × 1018 cm-3 -- 7.0 × 1018 cm-3 50 

μ0 0.79 cm2/(Vs) -- 7.4 cm2/(Vs) 840 

IDS 
 4.7 nA/m (forward sweep) 

 1.4 nA/m (backward sweep) 
 31 nA/m  30 nA/m  

560 

2100 

 

Table S3. Table of values for percent increase calculation for Exposed Channel MoS2 FET.  

 ALD Cycle 0 ALD Cycle 1 ALD Cycle 5 % Inc 

n 1.2 × 1019 cm-3 -- 1.3 × 1019 cm-3 0 

μ0 32 cm2/(Vs) -- 49 cm2/(Vs) 50 

IDS 27 A/m  38 A/m  40 A/m  40 

 

Table S4. Table of values for percent increase calculation for Exposed Contacts MoS2 FET.  

 ALD Cycle 0 ALD Cycle 1 ALD Cycle 5 % Inc 

n 1.3 × 1019 cm-3 -- 1.7 × 1019 cm-3 30 

μ0 44 cm2/(Vs) -- 50 cm2/(Vs) 10 

IDS 34 A/m  48 A/m 50 A/m  40 
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Supporting Information S5. Mobility changes stop with deposition of Al2O3 Capping Layer 

 

Figure S9. Evolution of carrier concentration and mobility during complete oxide deposition. 

Tracking both carrier concentration (a) and mobility (b) shows that the changes in both parameters slow as 

the capping Al2O3 is deposited and appear stable by the end of growth. This would be consistent with Al2O3 

acting as a barrier, preventing further reaction or mass transport from the MoOx film near the interface. 

 

Supporting Information S6. Operando ALD with Masked FETs 

Molecular adsorption and oxide growth at the near-contact region can affect transport properties6. 

To examine if the mobility increase noted previously is influenced by modulation at the contacts, we 

repeated the growth and in situ measurements with masked MoS2 FETs. Electron-beam lithography and lift 

off were used to define a region of ALD-grown Al2O3 with thickness of 10 nm. For one geometry, shown 

schematically in Figure S10a, the contacts and near-contact regions are masked with Al2O3 and the channel 

is exposed (“exposed channel”). For a second geometry, shown schematically in Figure S10b, the majority 

of the channel is masked and the near-contact regions are exposed (“exposed contacts”). As fabricated, 

devices with both geometries show typical transport characteristics for MoS2 FETs, ensuring the masked 

FETs are comparable to the unmasked ones. The same operando measurement parameters were used for 

masked FETs during a second MoOx growth with the same two-step cycle and growth temperature.  

With the exposed channel FET, we can isolate how the channel is being modulated during ALD 

growth. Figure S10c shows a negligible change in carrier concentration after the first five ALD cycles, and 

Figure S10d shows a 50 % increase in mobility. After the first cycle, Figure S11b shows a 40 % increase 

in current density. With the contacts masked, any change in the FET originates from changes to the channel. 

The increases in mobility and current density for the Exposed Channel FET provide evidence that the first 

ALD cycle reduces CI scattering in the channel, rather than primarily modulating transport at the contacts.  
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Operando measurements with the exposed contacts FET are consistent with this conclusion. 

Changes in carrier concentration and mobility originate from modulation of the contacts as well as changes 

in transport in the neighboring ca. 400 nm of exposed channel, but compared to the unmasked device, there 

will be a relatively larger contribution from any contact effects. Figure S10e shows a 30 % increase in 

carrier concentration after the first five ALD cycles, and Figure S10f shows a 10 % increase in mobility. 

After the first cycle, Figure S11f shows a 40 % increase in current density. Comparing this device (0.8 μm 

of channel exposed) to the exposed channel device (1.8 μm of channel exposed), it appears that MoOx 

deposition on the near-contact region contributes proportionately less to the change in field effect mobility 

(by ca. 2 times), while contributing proportionately more to the shift in threshold voltage. Because both 

changes are more than two times smaller than the changes for the unmasked MoS2 device (shown in Figure 

2 and Table S1), the near-contact region does not appear to play a disproportionate role in the evolution of 

transport with encapsulation, and contacts do not appear to limit charge transport in this regime.  

 

 

Figure S10. Evolution of electronic properties of masked MoS2 FETs during ALD MoOx growth. a, 

b, Schematics showing Exposed Channel FET (a) and Exposed Contacts FET (b). c, d, Extracted n (c) and 

μ0 (d) for Exposed Channel FET. e, f, Extracted n (e) and μ0 (f) for Exposed Contacts FET.  
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Figure S11. Evolution of electronic properties of Masked MoS2 FETs during ALD MoOx growth. a, 

AFM scan of Exposed Channel FET. The dashed line traces the MoS2 flake. b-d, Operando measurements 

of Exposed Channel FET during growth. (b) shows IDS during the first five cycles of growth. Inset: IDS 

during the entire growth. Transport characteristic collected every five ALD cycle are shown in linear (c) 

and log (d) scale. Arrow indicate sequence of transfer curves. e, AFM scan of Exposed Contacts FET. The 

dashed line traces the MoS2 flake. f-h, Operando measurements of Exposed Contacts FET during growth. 

(f) shows IDS during the first five cycles of growth. Inset: IDS during the entire growth. Transport 

characteristic collected every five ALD cycles are shown in linear (g) and log (h) scale. Arrows indicate 

the sequence of transfer curves.  
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Supporting Information S7. Variable-temperature transfer characteristics of an MoTe2 FET 

 

 

Figure S12. Transport characteristics of MoTe2 FET at variable temperatures pre- (a) and post- (b) 

ALD MoOx growth. Transfer characteristics were measured in high vacuum (<1×10-4 mbar) with VDS = 

0.1 V. 
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Supporting Information S8. Device dimensions, experiments, and figures 

 

Table S5. Table of Devices.  

Device # Channel 

Material 

Length 

(m) 

Width 

(m) 

Thickness 

(nm) 

Figure # Measurement/Experiment 

Te18_Dev2 MoTe2 4.0 2.7 8 Figures 1cd, S2 Oxygen and water exposure real-time 

monitoring 

Te12_Dev2 MoTe2 5.0 2.5 9 Figures S4, S7a Ozone exposure real-time monitoring 

Te11_Dev1 MoTe2 3.9 3.5 5 Figures 1ef, S3 Oxygen and water exposure transfer curve 

measurements 

Te18_Dev1 MoTe2 2.0 2.5 8 Figure S7b Ozone exposure transfer curve 

measurements 

S-Te1_Dev1 MoS2 4.0 6.1 7# Figures 2, S1a, S5, S8 MoOx ALD Growth 1 MoS2 Experiment 

Te12_Dev1 MoTe2 4.3 2.2 7 Figures 3, S5 MoOx ALD Growth 1 MoTe2 Experiment 

S4_Dev1 MoS2 3.0 2.0 5 Figures S10cd, S11abcd, S6 MoOx ALD Growth 2 Exposed Channel 

Experiment 

S5_Dev2 MoS2 3.0 2.4 5 Figures S10ef, S11efgh, S6 MoOx ALD Growth 2 Exposed Contacts 

Experiment 

Te42_Dev2 MoTe2 3.0 2.2 8 Figures 4, S12 
 

MoOx ALD Growth 3 variable temperature 

transfer curve measurements 

Te35-MoS2_Dev2 MoS2 3.0 4.0 8# Figure S1b Variable temperature transfer curve 

measurements 

# Thicknesses estimated from S-Te1_Dev2, with a thickness of 6 nm.  
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