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Two-dimensional (2D) material heterostructures have proven useful for a wide range of applications such
as quantum and optoelectronic devices.[1,2] In these systems the charge transport characteristics across
various interfaces play a critical role in determining device performance, yet the relationship between
atomistic dynamics and macroscopic properties is commonly unclear. This makes it difficult to identify
the ideal methods for improving performance and reliability. To this end, in situ electrical biasing
scanning/transmission electron microscopy (S/TEM) is a particularly promising tool for establishing
structure-property relationships at the relevant length scales in such devices.[3] Furthermore, the versatile
nature of S/TEM provides the possibility for detecting emergent phenomena in addition to structural
information.[4] For instance, techniques such as conventional differential phase contrast [5] and first
moment S/TEM [6] allow for relating the angular deflection of the electron probe to the gradient of the
electrostatic potential in the sample plane.

Although, previous in situ demonstrations have been largely limited to individual 2D materials, we have
recently developed a methodology for deterministic construction of 2D heterostructure devices for in situ
electrical biasing S/TEM analysis.[7] By combining this method with first moment S/TEM, we produce a
new platform technique that allows researchers to probe local electrical fields during electrical operation
with atomic-scale precision. Using this method, it is possible to compare a priori electric field expectations
with experimentally derived values to address questions regarding charge transport in nanoscale devices.

We use this platform to investigate a MoS2/hexagonal BN (hBN) heterostructure. A scanning diffraction
dataset taken from this sample is provided in Figure 1. Applying an external electric field leads to an
appreciable angular deflection in the center of mass of the electron probe. The spatial variation in the
calculated electric field and charge density maps (Figure 2) suggests that in the case of this heterostructure,
charge carriers are injected through point sources such as local or atomic defects. The presence of this
charge transport mechanism has implications for future electrical contact and Josephson junction
applications. This work suggests that the use of phase contrast microscopy combined with an in situ
analysis platform offers a route to identifying sources of performance degradation in a wide variety of
analogous quantum and optoelectronic devices.
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Figure 1. Scanning diffraction data taken from an MoS2/hBN heterostructure. (a) convergent beam
electron diffraction (CBED) pattern captured at point 1 marked on dark field TEM image. Colorbar
intensity is provided in units of relative signal intensity. Scale bar in a represents 15 mrad. CBED patterns
taken at positions 1, 2, and 3 when an external bias of OV and 5V is applied are provided in (b) and (c),
respectively. The purple dots refer to the center of mass of the CBED pattern taken from vacuum, while
the yellow dots represent the center of mass of the CBED pattern taken from each marked position on the
sample. The border color represents the degree of probe deflection in the x-direction. A clear shift in center
of mass is observed as a function of electrical bias. Scale bars in b and ¢ represent 2 mrad.
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Figure 2. a) Plan-view schematic of the interface being examined. MoS2/hBN region is highlighted. (b)
electric field distribution and (c) charge density plot taken from the MoS2/hBN region when an external
voltage of 5V is applied. Scale bar represents 10 nm.
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