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Abstract

Two-dimensional heterostructure field-effect transistors (2D-HFETSs) with one—dimensional
electrical contacts to atomically thin channel have recently shown great device performance,
such as reduced contact resistance, leading to ballistic transport and enhanced carrier mobility.
While a number of low-frequency noise studies exist on bare graphene devices supported on
silicon dioxide gate insulators with surface contacts, such studies in heterostructure devices
comprised of epitaxial graphene on hexagonal boron nitride with edge-contacts is extremely
limited. In this letter, we present a systematic, temperature-dependent study of electrical trans-
port and low-frequency noise in edge—contacted high mobility HFET with single atomic layer
graphene channel encapsulated by hexagonal boron nitride (hBN) and demonstrate ultra-low
noise with Hooge parameter of ~ 107>. By combining measurements and modelling based on
underlying microscopic scattering mechanisms caused by charge carriers and phonons, we di-
rectly correlate the high-performance, temperature-dependent transport behavior of this device
with the noise characteristics. Our study provides a pathway towards engineering low noise
graphene-based high performance 2D-FETs with one-dimensional edge contacts for applica-

tions such as digital electronics and chemical/biological sensing.
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Introduction

Owing to its unique electronic properties such as linear dispersion and zero band gap, graphene has
been a subject of immense study over the past one and a half decades. ! Graphene’s exceptional
physical attributes, namely its high carrier mobility and high thermal conductivity, make it a very
attractive material system for electronic devices such as field-effect transistors (FETs) and sensors.
Because the performance of FETs and other electronic devices is limited ultimately by carrier
scattering, understanding the mechanisms behind scattering is essential for improving device per-
formance and reliability. While charge carriers in a single layer graphene channel has been always
prone to scattering from oxide dielectrics such as SiO;, graphene on hexagonal Boron-Nitride
forms epitaxial interface and has shown outstanding transport properties such as observation of
high mobilities.®

Low-frequency electronic noise, in combination with transport measurements, can be used for
fundamental studies for identifying scattering mechanisms. They are also being increasingly used
as a device metric for new materials and new designs in emerging electronic devices. In semi-
conductor devices, low-frequency noise (LFN) demonstarting mobility fluctuations, often follows
Hooge’s empirical formula ag = (S;=I?)(Nf9), where S; is the noise power spectral density, /
is the drain current, N is the total number of charge carriers that participate in the transport, f
is the frequency, ¢ is an exponent with g ~ 1 for most of the FETs and ag is the Hooge param-
eter.” Several research groups have reported LFN (1/f) in single and multilayer graphene chan-
nel FETs,% !4 with the most common noise studies performed on FETs fabricated on Si0,.310
Research shows that for pristine high quality graphene (such as those from Highly Oriented Py-
rolytic Graphite), which has essentially the absence of structural defects, the carriers in the channel

generally experience scattering from extrinsic sources such as charge impurities from the sub-
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strate and surface, phonons from within the graphene, and remote interfacial phonons
from the substrate. '3 Suspended graphene devices with room-temperature mobilities approaching
2x10° cm?/V-s 1418 are appealing for electronics but are challenging to fabricate and structurally

fragile. High mobility graphene FETs fabricated on and encapsulated by hexagonal boron nitride



(hBN) have exhibited mobility values of 1:4 x10° cm?/V-s at room temperature® and have become
a topic of high research interest. Further studies on FETs with graphene on hBN (hBN/Graphene)
and encapsulated graphene (hBN/Graphene/hBN) heterostructure show that the noise in these de-
vices is substantially reduced compared to devices fabricated on SiO, dielectrics.?!*?> A recent
study on engineered graphene FET device with edge contacted and hBN encapsulation and with
introduction of an Mo$S; active screening layer has shown ultra-low noise at room temperature. 23
High quality electrical contacts to 2D-FET channel has become critical for the device performance
leading to many potential applications, among which 1D edge—contacts to 2D heterostructure along
the edges of the stack have shown lower contact resistance and superior transport properties includ-
ing ballistic transport at low temperatures.?* However, the microscopic origin of low frequency
noise and its correlation to electrical transport in these 1D edge—contacted 2D FETs has not been
explored but possesses an important question to fundamentally understand. In this letter we study

the impact of various scattering mechanisms on electrical transport and low frequency noise in

these novel edge—contacted devices.

Device Fabrication and Experiment

hBN/Graphene/hBN (hBN-G-hBN) devices (length: 6 mm, width: 2 mm) were fabricated using a
dry transfer method with viscoelastic stamping.?> Our stack consists of a Single Layer Graphene
(SLG) on a =~ 50 nm hBN and encapsulated by ~ 20 nm hBN (Figure 1). One-dimensional (1D)
contacts > were created using electron beam lithography and reactive ion etching, with 5 nm Ti and
80nm Au used as the edge contacted S/D materials. Prior to any measurements, the devices were
annealed at 300°C in a Hy/Ar environment for 3 hours. Figure 1 (a) shows the schematic diagram
of the edge—contacted 2D-HFET device (see Supporting S1 Information for detailed transfer and
fabrication). To confirm the materials stack in our hBN-G-hBN 2D-HFET channel, we analyzed
the structure using cross-sectional transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) combined with electron energy loss spectroscopy (EELS).

Figure 1 (b and c) show cross—sectional LAADF STEM micrographs of the device stack and the






