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When Seemingly Passive Substrates are Active

E.-A. Kim and D.G. Schlom, Cornell UniversitySubstrates traditionally play a supporting role for the thin films grown upon
them by providing purely structural support. Nonetheless for monolayer-
thick transition metal dichalcogenides (TMDs), the substrate plays an
active role by providing or removing charge from the TMD layer in which it
is in intimate contact. The amount of charge transferred is relatively small
(roughly 1013 electrons per square centimeter), but for monolayer-thick
materials the addition or subtraction of this amount of charge can have
significant doping effects on these materials, making it relevant to the
operation of TMD-based electronics. Although charge transfer has been
noted by prior researchers investigating TMDs, accurately predicting the
charge transfer between TMDs and substrates has been out of reach.
Thanks to PARADIM’s new first-principles theory—known as mis-
matched interface theory (MINT)—this charge transfer can be
accurately calculated. PARADIM’s first use of MINT was to calculate the
charge transfer between graphene and materials in which it was in
contact; the results were in excellent agreement with experiments. Now
PARADIM’s in-house team has extended these calculations to TMDs
and performed experiments to test the calculations by growing films of the
TMD MoS2 on several oxide substrates including SiO2, MgAl2O4, LaAlO3,
and SrTiO3. The measured charge transfer is found to be in excellent
agreement with the predictions of MINT. The ability to employ a substrate
to quantitatively and reproducibly control the doping of a TMD film grown
upon it is a powerful addition to the traditional means of controlling the
doping through electrostatic gating or the addition of chemical impurities.

X. Zheng et al., 
Appl. Phys. Lett. 118 (2021) 093103.
Associated data, 
https://doi.org/10.34863/083j-x818.
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What Has Been Achieved: PARADIM’s in-house research team has demonstrated how by selecting a particular complex oxide substrate, the carrier concentration of a monolayer of MoS2 grown on the substrate exhibits a controlled, reproducible, and uniform carrier concentration ranging from (1–4)x1013 cm-2, depending on the oxide substrate employed. The specific substrates used in this study include perovskite (SrTiO3 and LaAlO3), spinel (MgAl2O4), and SiO2. The multi-inch uniformity of PARADIM’s MOCVD capability is demonstrated by the uniformity in the shifts seen of the A1g Raman peak, sampling across films that were grown at different positions along an 8 cm segment of the MOCVD tube furnace. The observed carrier concentrations are compared to the results of PARADIM’s density-functional theory calculations based on ab initio mismatched interface theory (MINT) and the agreement is seen to be excellent. Importance of the Achievement: Bandgap engineering is central to the design of heterojunction devices. For heterojunctions involving monolayer-thick transition metal dichalcogenides (TMD) materials like MoS2, the carrier concentration of the atomically thin film can vary significantly depending on the amount of charge transfer between MoS2 and the substrate. This makes substrates with a range of charge neutrality levels—as is the case for complex oxide substrates—a powerful addition to electrostatic gating or chemical doping to control the doping of overlying MoS2 layers. This approach is relevant to large-scale heterostructures involving monolayer-thick materials in which it is desired to precisely control carrier concentrations for applications. This is a new control knob, where theory can be used to accurately calculate the charge transfer expected for different complex oxide substrates and then a substrate providing the desired charge transfer used to uniformly and reproducibly dope the entire TMD film. This control knob could be used to controllably shift the threshold voltage of transistors built in the overlying TMD film.Unique Feature(s) of the MIP that Enabled this Achievement: The Mismatched INterface Theory (MINT) is a product of PARADIM’s in-house research team to accurately describe 2-dimensional materials in contact with other solid materials in a first-principles approach. The versatility of MINT—a tool available to all users of PARADIM and openly accessible through GitHub (https://github.com/materials/mint)—is demonstrated for MoS2 monolayers on single crystal oxide substrates. The excellent uniformity of PARADIM’s MOCVDs for the deposition of MoS2 and other TMDs over large areas allowed the robustness of these results to be demonstrated in this combined theory and experimental study, all by PARADIM’s in-house team.Publication: X. Zheng, E. Gerber, J. Park, D. Werder, O. Kigner, E.-A. Kim, S. Xie, and D.G. Schlom, "Utilizing Complex Oxide Substrates to Control Carrier Concentration in Large-Area Monolayer MoS2 Films," Appl. Phys. Lett. 118, 093103 (2021). Data Reference: Experimental raw data are available at https://doi.org/10.34863/083j-x818.Acknowledgement: This work was supported by the National Science Foundation [Platform for the Accelerated Realization, Analysis, and Discovery of Interface Materials (PARADIM)] under Cooperative Agreement No. DMR-1539918. This work made use of the Cornell Center for Materials Research (CCMR) Shared Facilities, which are supported through the NSF MRSEC program (No. DMR-1719875). This work also used the CESI Shared Facilities partly sponsored by the NSF (Grant No. DMR-1338010) and the Kavli Institute at Cornell. The authors would like to thank Matthew R. Barone, Dr. Felix Hensling, Dr. Hanjong Paik, and Jiaxin Sun for helpful discussions.
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