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The importance of controlling both the charge carrier density and the band

gap of a semiconductor cannot be overstated, as it opens the doors to a wide
range of applications, including, for example, highly-tunable transistors, photo-
detectors, and lasers. Bernal-stacked bilayer graphene is a unique van-der-
Waals material that allows tuning of the band gap by an out-of-plane electric
field. Although the first evidence of the tunable gap is already found 10 years
ago, it took until recent to fabricate sufficiently clean heterostructures where
the electrically induced gap can be used to fully suppress transport or confine
charge carriers. Here, a detailed study of the tunable band gap in gated bilayer
graphene characterized by temperature-activated transport and finite-bias
spectroscopy measurements is presented. The latter method allows comparing
different gate materials and device technologies, which directly affects the
disorder potential in bilayer graphene. It is shown that graphite-gated bilayer
graphene exhibits extremely low disorder and as good as no subgap states
resulting in ultraclean tunable band gaps up to 120 meV. The size of the band
gaps are in good agreement with theory and allow complete current suppres-
sion making a wide range of semiconductor applications possible.

mechanism of the band gap opening is a
textbook example of how the breaking of
inversion symmetry results in a gap in
the electronic band structure. The first
experimental evidence of the tunable
band gap in BLG was obtained by angle-
resolved photoemission spectroscopy’!
and infrared spectroscopy experiments,®-8l
where band gaps up to 250 meV have been
reported. Signatures of the tunable band
gap have also been observed by scanning
tunneling spectroscopy®® and in early
transport measurements.2  However,
in the latter experiments, subgap states
caused by disorder made it impossible to
completely suppress the electron conduc-
tion,1?2l making such BLG devices not suit-
able for semiconductor applications.

This shortcoming was solved neither by
fabricating double-gated structures based
on suspended BLG[?3% nor by encapsu-
lating BLG into hexagonal boron nitride
(hBN).[27-3% Only recently, with the use of

1. Introduction

Bernal stacked bilayer graphene (BLG) is a unique material:
intrinsically it is a 2D semi-metal, but it can be turned into a
2D semiconductor by applying an external out-of-plane elec-
tric field,l=3 with an electronic band gap that is directly related
to the strength of the displacement field. The underlying

graphite gates, the fabrication technology has advanced to the
level where it is possible to open a gate-controlled band gap that
results in a true band insulating state in BLG.32

Here, we exploit this fabrication technology and show
that the tunable band gap of BLG can finally, also directly, be
observed in finite bias transport spectroscopy measurements.
The obtained band gaps are in good agreement with theory

E. Icking, L. Banszerus, F. Wértche, F. Volmer, P. Schmidt, C. Steiner,

S. Engels, J. Hesselmann, M. Goldsche, C. Volk, B. Beschoten, C. Stampfer
JARA-FIT and 2nd Institute of Physics

RWTH Aachen University

52074 Aachen, Germany

E-mail: icking@physik.rwth-aachen.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202200510.

© 2022 The Authors. Advanced Electronic Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/aelm.202200510

Adv. Electron. Mater. 2022, 8, 2200510 2200510 (10f10)

E. Icking, L. Banszerus, P. Schmidt, C. Steiner, S. Engels, M. Goldsche,
C. Volk, C. Stampfer

Peter Griinberg Institute (PGI-9)

Forschungszentrum Julich

52425 Jilich, Germany

K. Watanabe

Research Center for Functional Materials

National Institute for Materials Science

1-1 Namiki, Tsukuba 305-0044, Japan

T. Taniguchi

International Center for Materials Nanoarchitectonics
National Institute for Materials Science

1-1 Namiki, Tsukuba 305-0044, Japan

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

95UB017 SUOWIWOD SA 181D 3 (dedtdde auy Aq peusenob a1e seoie VO ‘8sn JO S9N Joj AIq1T8UIUO AS]IA LD (SUOTHPUOD-PUR-SLUIBYWOY A8 | 1M Afe.d jeuUO//:SdnL) SUORIPUOD pue SW | 81 88S *[220z/ZT/c0] uo AridqiTauluo Ao |im ‘Ueder sueiyood A 0TS002202 WBe/Z00T OT/I0p/ioo™Aa|1mAreiqijeuluo//sdny woiy pspeojumod ‘TT ‘2202 ‘X09T66TZ


http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202200510&domain=pdf&date_stamp=2022-07-27

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

as well as with the values extracted from thermally activated
transport.l16-229.30] Most interestingly, we use finite bias spec-
troscopy, to systematically compare different double-gated
BLG/hBN device technologies, as this method allows to sen-
sitively probe hopping-transport due to potential disorder
or impurity states, which both can result in effective subgap
and tail states. The investigated devices differ mainly in the
bottom gate material (graphite, gold, or highly doped silicon)
and in the corresponding fabrication process. We show that
the fabrication technology sensitively impacts the maximum
device resistance and the presence and outline of diamonds of
strongly suppressed conductance for finite bias voltage when
measuring transport through electrostatically gapped BLG, as
well as the tunability of the band gap with the electric displace-
ment field.

We find that BLG devices with a graphite gate behave very
closely to what theory predicts for ideal BLG, showing a truly
semiconducting behavior in the presence of an applied dis-
placement field. In the gapped regime, we measure maximum
resistance values on the order of 100 GQ (limited only by the
measurement setup), and we observe no appreciable signature
of trap or impurity states with subgap energy. In contrast, both
silicon and gold-gated devices appear to be affected by subgap
states and disorder, but to different degrees. While very high
gap-induced resistances are still observed in gold-gated devices,
where the band gap just appears to be reduced in finite bias
measurements, no gap can be directly observed in silicon-gated
devices. All this confirms that the intrinsic properties of BLG
become exploitable in graphite-gated BLG/hBN heterostruc-
tures, which therefore represents the most promising platform
to unleash the potential of this unique tunable 2D semi-
conductor with interesting applications for THz electronics,
quantum technologies, and mesoscopic physics.

2. An Electrostatically Tunable Band Gap

The inversion symmetry and its controlled breaking play an
important role in determining the properties of intrinsic and
gapped BLG. In the intrinsic form, the orbitals of the carbon
atoms Al and B2, which are responsible for the low energy
spectra of BLG, are inversion-symmetric, and BLG is a semi-
metal (see Figure 1a,b).2%] The symmetry is broken in the
presence of an external out-of-plane displacement field, which
induces an onsite potential difference A between the upper and
lower graphene layer. This potential difference leads in turn
to the appearance of a band gap between the conductance and
the valence band,['?! as illustrated in Figure 1b. The size of the
band gap, E,, depends on the onsite potential difference A as!*’!

|A]

B ey

0

where % = 0.38 eV is the interlayer coupling strength.l>>3-%7]

The dependence between A and the external electric displace-
ment field is however non-trivial, as A depends also on the
screening of the charge carriers on the layers of BLG, which
is influenced in turn by the onsite potential difference A, thus
requiring a self-consistent analysis.[334
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Figure 1. a) Schematic illustration of Bernal-stacked bilayer graphene.
An out-of-plane electric displacement field results in the onsite potential
difference A between the layers, which breaks the inversion symmetry.
The atomic orbitals of atoms Al and B2 (highlighted in red and blue)
determine the low energy spectra. b) Electronic band structure of BLG
near the K-point, calculated according to Equation (30) in ref. [33] for zero
on-site potential difference (left panel), A = 50 meV (central panel), and
A =100 meV (right panel). The projection on the 2p21 and 2p82 -orbitals
are highlighted in blue and red, respectively.

Different models have been used to calculate the dependence
of the interlayer asymmetry A on the applied out-of-plane dis-
placement field D, either using a simple plate-capacitor model
with Hartree screening(?! or, more recently, by additionally
taking into account the layer-dependent out-of-plane polarization
of the carbon orbitals.* In both cases A can be expressed as

doeD  dye?
e e L
E0E, 2&)E

A n(A) 2)

where dy = 0.34 nm is the interlayer spacing of BLG, e is the
(magnitude of the) elementary charge, and ¢, are effec-
tive dielectric constants. In the model of ref. [1,3], &, = = g5¢,
where &g = 2 is the effective dielectric constant of BLG.3%4)
In contrast, in ref. [34] g, is the effective out-of-plane dielectric
susceptibility of graphene and £=2/(1+¢;"). Finally, dn(A) is the
difference between the charge carrier density in the upper and
lower layer, whose detailed expression also depends on the con-
sidered model (see Supporting Information). Below we will make
use of both models when comparing theory with experiment.

2.1. Double-Gated BLG Devices

Experimentally, the way to apply an out-of-plane electric field to
BLG and to control independently its chemical potential is to

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. a) Schematic cross-sections of the three types of double-gated BLG devices (class 1-3) investigated in this work. All devices have a gold
top gate (tg) but different bottom gates (bg). b) lllustration of a generic double-gated BLG device consisting of a top gate and a bottom gate and of
the contacting scheme. c) Optical image of an Au/hBN/BLG device. d) Two-terminal resistance of the device shown in panel (c) as a function of Vpg
and Vig at T=1.6 Kand V4 =1 mV. e) Resistance of the Au/hBN/BLG device (orange lines) and of the Si/hBN/BLG device (purple lines) measured
at T=1.6 K and V4g = 2 mV along the direction of the short black lines in panel (d). These lines correspond to displacement fields D = —0.58 V nm"™"
and D =-0.48 V nm™ for the Au/hBN/BLG device (solid and dashed orange line, respectively), and to D =-0.56 V nm~ and D =—-0.48 V nm~' for the
Si/hBN/BLG device (solid and dashed purple line, respectively). f) Same type of measurement as in panel (e) for a Gr/hBN/BLG device, for displace-
ment fields D =-0.54 V nm™ (solid line) and D = —0.46 V nm™' (dashed line).

embed it into a plate capacitor, that is, to have a bottom and a
top gate (see Figure 2a,b).

In this work, we compare devices fabricated with three dif-
ferent technologies. All devices are based on BLG encapsu-
lated into hBN and have a metallic top gate (tg), but differ in
the bottom gate (bg), as illustrated in Figure 2a. Specifically,
we consider devices with a graphite bottom gate (referred to
as “Gr/hBN/BLG” or class 1 devices), devices with a gold (Au)
bottom gate (referred to as “Au/hBN/BLG” or class 2 devices),
and devices that use the heavily doped silicon substrate as
bottom gate (referred to as “Si/hBN/BLG” or class 3 devices).
An optical image of a final device with an Au bottom gate based
on a stack-flipping process is shown in Figure 2c. It is worth
noting here that although the Au gate/stack-flipping process
results in less disorder than directly placing an hBN/BLG/hBN
stack on a (rough) Au bottom gate, the Au top gate (used in
all devices) has overall less detrimental effect on device quality,
which is due to the fact that the BLG heterostructure no longer
needs to be moved afterward. Details on the device fabrication
are given in the Supporting Information.

In the investigated devices, the top gate is narrower than
the bottom gate, and the BLG regions doped exclusively by
the bottom gate act as leads. In the double-gated region, the
voltages Vi, and Vi, applied to the top and to the bottom gate
induce a displacement field D through the BLG

ng[abg (ng _Vbog)_atg (V‘B _V‘g )] ©)
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where V2, Vi, are the offset of the charge neutrality point (CNP)
from Vig = Vig = 0, and oy = £&,/(edyy) and 04,y = &8/ (edg)
are the lever-arms determined by the capacitive coupling of the
top and bottom gate, respectively (&g, &, are the dielectric con-
stants and dy,, dy, the thicknesses of the dielectric layers; see
Figure 2b). The effect of the voltages Vi, and V;, on the chem-
ical potential in the double-gated region is understood at best in
terms of the effective gate voltage

o Vg = Vi) + (Y~ V)
8 1+

(4)

where 3= 044/ 01y is the ratio of the two lever-arms. This effec-
tive gate voltage is defined such that V, is directly linked to the
electro-chemical potential via u = eV, as long as u is within the
band gap. Also Vj allows to change the total charge carrier den-
sity n outside the band gap by An = (044 + 04,5)AV,, if both layers
are on the same potential (for more details see Supporting
Information). For all devices, we extract the values of Vg, Vi,
and B from resistance-map measurements, and the value of
either o4, or @, from quantum Hall measurements*= (see
Supporting Information).

2.2. Resistance Maps and Maximal Resistance

As a first step to characterize the double-gated BLG devices, we
record resistance maps like the one of Figure 2d, by applying

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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a small source—drain bias V4 and by measuring the current I
as a function of Vi; and V;, (see schematic in Figure 2b). The
resistance maps exhibit two distinct features: i) A diagonal
line of elevated resistance R, which marks the shifting of the
charge neutrality point of the BLG in the double-gated region
as a function of Vi; and V;,. This line represents the V,, = 0 axis
(i-e., 4 = 0). The slope of this line is directly given by the ratio of
the lever arms 8 = o,/ 0t For example, for the measurement
shown in Figure 2d, it is f = 0.99, indicating a very symmetric
capacitive coupling of the top and bottom gate.

ii) Along this diagonal line the maximum resistance R.,
strongly increases while increasing the magnitude of the dis-
placement field, which is a hallmark of the opening of the band
gap induced by the displacement field.

While these qualitative features are common to the resist-
ance maps performed on devices of all three different classes
(for a comparison of carrier mobilities see Supporting
Information), the differences between the three technologies
become apparent when comparing line traces of the resistance
measured as a function of Vj at fixed D-fields, see Figure 2e,f.
In all cases, we observe an abrupt decrease of the largest resist-
ance around V; = 0. But, while devices with a graphite and gold
bottom gate show well-defined plateaus of high resistance (see
Figure 2f and orange traces in Figure 2e), the resistance of the
device with a silicon bottom gate is significantly lower and
varies by more than three orders of magnitude within the gate
voltage range where the band gap is expected (purple traces in
Figure 2e). These strong variations and the reduced maximum-
resistance can be explained in terms of hopping transport
through subgap states caused by the disorder due to charged
impurities in the SiO,, at the SiO,/hBN interfaces, or at the
unscreened BLG edges10-192L27] which create spatial electro-
static variations along the transport channel and are the main
origin of the observed disorder potentials (see also discussion
in Section 3. Vice versa, the high-resistance plateaus observed
in devices with graphite or a gold bottom gate suggest that the
chemical potential is tuned through a clean band gap, with few
or no subgap states. For both types of devices, the width of the
high-resistance plateau—that is, the size of the band gap—
increases as expected with increasing displacement field (see
dashed and solid resistance traces in Figure 2e,f). However,
devices with a graphite bottom gate exhibit a much sharper
onset of the plateau and slightly higher values of resistance
than those with a gold bottom gate, indicating that graphite
gates are more effective than metallic ones at suppressing
residual charge transport through the band gap and particularly
near the band edges. This difference can be attributed to the
disorder, that is, spatial electrostatic variations along the BLG
transport channel, caused: i) by the fabrication process of the
Au-gated devices, which is more prone to interface contamina-
tion; or (ii) ultimately by grain boundaries in the gold itself.*/

The different performance of the three technologies becomes
even more apparent by plotting the maximum resistance R,
as a function of the displacement field D, see Figure 3a (for
more details on why R, is a good quantity, see Supporting
Information). In this plot, we report both data from three
devices measured in our lab (colored data points), as well as
data taken from literature (open data points). This overview plot
shows that the maximum resistance attainable for a given value
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of D strongly depends on the fabrication technology used for
the double-gated BLG devices. Devices, where BLG is directly
placed on SiO,, require high displacement fields ~1.6 V nm™ to
reach moderate values of R, =1 MQ.

Encapsulating BLG between hBN layers already helps
reducing the disorder potential and allows achieving max-
imum resistances in the range of 100 MQ — 1 GQ at D-fields
of around |D| = 0.6 V nm™ (and a temperature of T = 1.5 K).
The observed saturation of Ry, for higher D-fields can be
explained by disorder-induced hopping transport at subgap
energies and along the edges of the BLG.I16-192L271 The
use of a metallic gate allows to reach values of R, as high
as 10 GQ at moderate values of D, but it is only the use of a
graphite gate that allows to open a real clean band gap and to
completely suppress the current at reasonably low D-fields,
reaching Ry, = 100 GQ—which represents also the maximum
value of resistance measurable in our experimental setup. The
values of R,,,, measured in our Gr/hBN/BLG device compare
well with the data of refs. [31,32] and, at low D-fields, also with
the values measured in a double-gated suspended BLG device
(see diamond symbols in Figure 3a, taken from ref. [23]).

2.3. Thermally Activated Transport

The maximum resistance is, of course, a function of tempera-
ture. For the three devices illustrated in Figure 2a, we study the
maximum resistance R,,, as a function of temperature for a
fixed value of the displacement field D. To extract information
on the underlying transport mechanisms, we plot R,,., logarith-
mically as a function of T, as shown in Figure 3b.

At low temperatures, T<10 K (T™' > 0.1 K™Y), R,,,,, only weakly
depends on 1/T, as predicted by both variable range hopping
(VRH)72% and a combination of nearest-neighbor hopping
and VRH.[®39 In this regime, the values of R, observed for
the three gating technologies that differ by several orders of
magnitude. The low resistance values at low temperature of
the Si/hBN/BLG sample are reminiscent of those observed in
disordered semiconductors,*’ where transport via impurity
bands and hopping transport dominates. This notion is also
in agreement with earlier studies!'®?!l and with compressibility
measurements,**# which have shown that there is a large den-
sity of (localized) states in gapped BLG when placed on SiO,,
resulting in low values of Ry,,,.

At high temperatures T > 40 K (T™! < 0.025 K™}), for all types
of devices the dependence of R, on 1/T is well described by
thermally activated transport,16-21293% that is, Ry o exp (Eg/
(2kgT)), where E, is the band gap energy and kg the Boltzmann
constant. By fitting a line to the resistance data in the Arrhenius
plot (see, e.g., dashed line in Figure 3b) we can extract E; at a
given value of D for the different devices. Repeating this type
of fitting for different values of D, we obtain the plot shown in
Figure 3c. It can be observed, that the values of E, determined
in this way for the different devices agree rather well with each
other, independently of the fabrication technology. This is the
case because at high temperatures the impact of localized
subgap states is eventually smeared out by thermal excitations.

Our data also agree well with the band gaps reported by earlier
experiments (see opens symbols and crosses in Figure 3¢)®1:30
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Figure 3. a) Maximum resistance (R, as a function of displacement-field for 12 different devices based on different gating technologies (see labels).
This plot include both data from the devices investigated in Figure 2 (colored data points, same color code as in Figure 2e,f), as well as data from
literature. The dark gray area shows resistance values that are not measurable with our experimental setup. Therefore only a lower limit can be given.
b) Arrhenius plot showing the maximum resistance R, of the three devices investigated in Figure 2e,f as a function of the inverse temperature 1/T
at a constant D-field (same labeling as in Figure 2e,f, and panel (a)). The black dashed line corresponds to a fit of the maximum resistance assuming
thermal activated transport Rp,y o< exp (Eg/(2kgT)). c) Band gap energy E, as function of the displacement field. The data points correspond to the
values of E, extracted by fitting the high-temperature regime of the Arrhenius plot. The black line indicates the values of E, predicted by the model
of McCann and Koshino,Pl the gray line shows the solution of a simplified model by ref. [34] with €, = 1.65 (see Supporting Information). The black
crosses are taken from ref. [8], the open downward-pointing triangles from ref. [17] and the open upward-pointing triangles from ref. [30]. The inset

shows a close-up for small D-fields.

and with the values predicted by theory. Here, we consider
both the self-consistent solution of the plate-capacitor model
with Hartree screening proposed by McCann and Koshinol?!
with &g =2 (black line in Figure 3c), as well as the more recent
model of ref. [34], which takes into account the layer-dependent
polarization of the orbitals (gray line). In this case, we used
&, = 1.65 for the effective out-of-plane dielectric susceptibility of
graphene, see Equation (2). For the device with graphite back
gate, the extracted values of E, agree well with theory even at
very low displacement fields (see inset in Figure 3c).

3. Direct Observation of the Band Gap

Measurements like those presented in Figure 3b,c allow to
extract the size of the electrostatically induced band gap, E,,
but not to observe it directly. To directly probe the band gap,
we use finite-bias spectroscopy at low temperatures, that
is, we measure the differential conductance of our devices,
g = dI/dVy, as a function of V, and of V. This is a sensitive
method to probe the characteristic energy scales of a system
and the presence of localized states.

Figure 4a shows finite-bias spectroscopy measurements
performed at T = 50 mK in a device with a graphite gate, for
different values of the displacement field D. Diamond-shaped
regions of strongly suppressed conductance can be observed
around V, = Vi = 0, where the size of the diamond scales
with the applied D-field. For large values of D, the extent of
the region of strongly suppressed conductance along the Vg
axis agrees very well with the size of the band gap predicted by
theory, represented here by the horizontal white dashed lines.

Adv. Electron. Mater. 2022, 8, 2200510 2200510 (5 of 10)

The schematics of Figure 4b depict different characteristic
regimes that correspond to the points marked with A, B, C
in the rightmost panel of Figure 4a. Point A represents the
condition of Viq = V;, = 0 at the center of the diamond, where
charge transport through the device is suppressed the most.
Point B represents the onset of charge transport induced by
tuning V, such that the conduction band in the double-gated
area of the device is aligned with the conduction band of the
leads. Point C represents the onset of conduction caused by
a sufficiently large source—drain bias voltage applied sym-
metrically over the gated region (i.e., +V /2 = *E,/(2¢)). The
source—drain voltage creates a p—n junction within the BLG,
over which the complete V.4 drops as long as there is no cur-
rent flowing (for more details see Supporting Information).
This results in the diode-like behavior of the bias-dependent
current shown in Figure 4c, where the threshold voltage
clearly depends on the D-field and therefore on the size of the
band gap.

Please note that the slight asymmetries in dI/dV,q outside
the diamonds with respect to Vg and V (see e.g., white arrow
in the fourth panel of Figure 4a) can be explained by the D-field
dependent layer polarization and a spatially varying disorder
potential. For example, for negative displacement field the
carriers near the valance band edge (V, < 0) are located in the
upper BLG layer3*! (see Figure 1b), which is closer to the Au
top gate. Thus, the asymmetry in V, indicates asymmetries in
the residual disorder at the Au top and graphite bottom gate
interface. The asymmetry in V4 indicates a spatial variation of
disorder, as the location of the p—n junction underneath the
top gate in this case depends on the polarity of V4 (for more
details, see Supporting Information).
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Figure 4. a) Color plot of the differential conductance d//dV4 of a Gr/hBN/BLG device, measured at T = 50 mK as a function of V4 and V, for dif-
ferent displacement fields (see labels). The white dashed-lines denote the band gap predicted by the model of ref. [3] (for €, = € = €p,¢ = 2), the black
dashed lines denote the effective gap E¢T extracted as described in the main text. The inset shows a magnification for D =-0.19 V nm™". Even at small
displacement fields, the area of suppressed differential conductance presents a pronounced diamond shape. b) Schematic representation of the various
transport regimes at the points labeled as A, B, C in the rightmost diamond in panel (a). At Vsg =0 and V, =0, transport is strongly suppressed by the
presence of a band gap in the double-gated region (A). Transport is re-established either by changing the chemical potential in the double-gated region
using the effective gate voltage V, (B) or by applying a sufficiently large source—drain voltage V4, which changes the effective potential at the edges of
the double-gated BLG, introducing charge carriers and forming a p—n junction. c) |-V characteristic of the Gr/hBN/BLG device for different values of

D at constant V,. The device shows a clear diode-like behavior, with no appreciable sub-threshold current.

Figure 5a—c presents the same type of bias-spectroscopy
measurements performed at T= 1.6 K on a second device with
a graphite bottom gate (Figure 5a), as well as on a device with
gold bottom gate (Figure 5b) and on one with silicon bottom
gate (Figure 5c). Also at this higher temperature, the device
with graphite bottom gate shows at large D-fields a well-defined
diamond-shaped region of strongly suppressed conductance
around V, = Vg = 0, whose span along the V4 axis is in fairly
good agreement with the size of the band gap predicted by
theory (horizontal white dashed lines).

The slopes of the diamond outlines in the Vi — V, map is
very close to two as highlighted by the dashed lines (see also
the second rightmost panel in Figure 4a). In Figure 5d we show
the extracted outline of the diamond (resistance threshold value
of 10° Q) for two different displacement fields (see labels).
In both cases, the slope agrees very well with a slope of two

Adv. Electron. Mater. 2022, 8, 2200510 2200510 (6 0f10)

(see gray lines). This means that V, indeed tunes directly the
chemical potential u = eV, in the band gap region and no trap
states need to be charged. The slope of two results from the
fact that when starting in configuration A (see Figure 4a,b) we
need either eV = E, to lift the band gap (moving to point C)
or i = E,/2 = eV, (moving to point B) resulting in AVyy = 2AV,,.

The fact that this can be observed, in turn, unambiguously
indicates the absence of impurity bands, localized states or any
other trap state that can potentially be charged in the device.

The device with a gold bottom gate presents also a region of
strongly suppressed conductance for large D-fields. However,
this does not appear as a single, well-defined diamond, but as a
series of overlapping diamonds with different sizes and positions
(see right panel of Figure 5b). The device with silicon bottom
gate shows overall much higher conductance, with no clear fea-
ture that can be related to the band gap energy (Figure 5c¢).
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Figure 5. a,b) Color plots of the differential conductance of a (second) Gr/hBN/BLG device (a) and of a Au/hBN/BLG device (b), measured as a func-
tion of V4 and V, at 1.6 K for different displacement fields. As in Figure 4a, the dashed white lines indicate the size of the band gap as predicted by the
model of ref. [3]; the horizontal black-dashed lines the size of the effective gap, E¢, extracted as discussed in the main text. The diagonal black-dashed
lines have a slope of two. c) Differential conductance of a Si/hBN/BLG device, measured at 1.6 K and D =-0.5 V nm~". No clear feature related to the
band gap can be observed. d) Extracted diamond edge (threshold resistance 10° Q) for two different D-fields (see labels). The gray lines have a slope
of exactly two. e) Schematics of the density of states (DOS) in the three different types of BLG devices. Disorder-induced localized states give rise to
tail states with subgap energies that reduce or effectively close the band gap. f) Schematic representation of the band gap of a Si/hBN/BLG device.
The presence of strong potential disorder gives rise to localized states with subgap energies, leading to hopping transport through the band gap.
g) Derivative of the differential conductance g = di/dV,q4 for small V4. The diamond-like features can be associated to localized electronic states or

charge islands with charging energy Ec = 2 — 3 meV.

As already discussed in Section 2, the different behavior of
the three devices can be traced back to their different level
of disorder. In the device with a silicon bottom gate, the
unscreened potential of charges trapped in the SiO, substrate
or at the SiO,/hBN interfaces creates localized states with
subgap energies,[*>4 as sketched in Figure 5e,f. Signatures
of hopping transport can indeed be found in the derivative
of the differential conductance dg/dV,q, see Figure 5g. Here,
we observe diamond-like features associated to the charging
of charge islands or of individual localized states, as charac-
teristic for statistical Coulomb blockade.>>%¢] The extent of
these diamond features in V4 is related to the characteristic
charging energy Ec of a localized state, a charge puddle, or
to the energy spacing between different states. Here, we find
typical energies in the range of 2-3 meV. The observation of
individual charging events indicates that the total number
of localized states (or puddles) contributing to transport is
rather limited. Nevertheless, these states provide a percola-
tion channel through the gated BLG region and prevent a
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complete current suppression, in good agreement with earlier
reports. 18192130

The presence of a local bottom gate—either of gold or
graphite—strongly screens the disorder potential caused by
charged impurities and allows to open a real band gap in BLG
by means of a displacement field. However, the band gap is
ultraclean only in the case of devices with a graphite gate, while
the device with a gold gate still presents signatures of trans-
port through localized states with subgap energies. The pres-
ence of these localized states results in tail states in the density
of states (DOS), which reduce or—in the case of silicon-gated
devices—effectively suppress the band gap (see schematics in
Figure 5e).

To quantitatively compare the band gaps observed by
transport spectroscopy with theory, we define the effec-
tive band gap E" =e(Vii,th+|Vyg,th|)/2, Where Vi,th are the
values of V4 at which the differential conductance is equal
to (dI/dVig)m = 107 S at V, = 0. These threshold voltages are
indicated as dashed black lines in Figures 4a and 5a,b. Note
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Figure 6. Comparison between the effective values of the band gap Eg"
extracted by transport spectroscopy measurements and the values of
E; predicted by theory (black line: model of ref. [3], gray line: simplified
model of ref. [34] with €, = 1.65). The overall good agreement between
theory and the value of ESf extracted from the Gr/hBN/BLG devices
(black circles from device #1 (Figure 4a); green circles from device #2
(Figure 5a,d)) indicate that these devices are only affected by very weak
residual potential-disorder. Vice versa, the discrepancy observed for the
Au/hBN/BLG device (orange squares) indicates the presence of disorder-
induced tail states, as sketched in Figure Se.

that the differential conductance of the Si/hBN/BLG device
is always higher than 10~ S. Figure 6 shows the values of the
effective gap E¢" as a function of the displacement field D for
two devices with a graphite bottom gate and for one with a gold
bottom gate. For the devices with a graphite bottom gate, we
observe an excellent agreement between the band gap meas-
ured by transport spectroscopy, Ei", and the values predicted
by theory for D-fields larger than 0.3 V nm™. The deviations
at smaller values of D indicate the presence of some residual
disorder, whose influence is larger for small band gaps (see
also inset of the leftmost panel in Figure 4a). Vice versa, for the
device with a gold bottom gate the effective transport gap E;" is
around 20 meV smaller compared to the expected values. This
confirms the presence of extended tail states within the band
gap, as sketched in Figure 5e. As for all devices the preparation
of the BLG has been the same, rather than impurities or defects
related to the BLG, these tail states are most likely induced by
substrate roughness, or by contaminations at the interfaces due
to the fabrication process of the gold-gated devicel*% or by the
disorder caused by grain boundaries in the gold* and are not
caused by impurities or edge states in the BLG itself.

4. Summary and Outlook

To conclude, we showed that finite-bias spectroscopy is a versa-
tile method to characterize the band gap in BLG. Its high sensi-
tivity allows comparing the influence of (electrostatic) disorder
potentials for different gating-technologies. The measurements
clearly indicate that devices with a graphite bottom gate fabri-
cated as part of the van-der-Waals heterostructure outperform
devices with gold and Si/SiO, gates, and behave very closely to
what theory predicts for ideal BLG. In graphite-gated devices,
we achieve band gaps of about 120 meV with resistances up to
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100 GQ within the band gap (only limited by the setup). These
results underline the importance of graphite as a bottom gate
for BLG-based van-der-Waals heterostructures.

The high quality of Gr/hBN/BLG devices demonstrated in
this work allows to readdress the broad field of possible appli-
cations offered by BLG, such as diodes,®” phonon-lasers,>¢!
hot-electron bolometers,®?! field-effect transistors (FET),[63-6%]
and tunnel FETS.% The latter two are especially interesting
for terahertz (THz) detection, where graphene and BLG based
devices have already shown promising results.”%8] The low
disorder of Gr/hBN/BLG technology offers the possibility of
significantly improving the device performance for this type of
application, for example, as recently demonstrated for tunnel
FETs used for THz detection.[®?]

Other applications that can greatly profit from the excellent
tunability of the band gap in Gr/hBN/BLG devices are those
based on proximity-induced properties in BLG, such as super-
conductivity,”*” exchange coupling,’? or strong spin-orbit cou-
pling (SOC).¥ For example, by placing a strong SOC material
on top of BLG, only the band associated with the layer close to
the SOC material will exhibit spin splitting, thanks to the layer
dependence of the bands close to the K-point (see colors in
Figure 1). This makes it possible to switch on and off the spin-
orbit interaction by simply switching the sign of the D-field.[*®!
Such an effect has been indeed recently demonstrated by taking
advantage of the low disorder and the excellent control of the
band gap with the applied D-field in BLG devices with graphite
gates,* which are therefore an interesting platform for spin-
orbit valves and spin transistors.”?!

Furthermore, Gr/hBN/BLG technology has allowed realizing
sophisticated devices such as quantum point contacts,[*27+76l
and quantum dots in BLG with single-electron control.’77l
This underlines the possibility of BLG as a potential host mate-
rial for spin and valley qubits.®% Moreover, thanks to a long
electron phase coherence length®! it promises to be an inter-
esting platform for mesoscopic physics in low-dimensions.

In short, our study unambiguously shows that the Gr/hBN/
BLG technology allows realizing van-der-Waals heterostructures
that truly behave as semiconductors with an electrostatically
tunable gap. This opens up a wide field of possible applications,
especially when considering that a required scalability can also
be enabled by using high quality CVD BLG material.[82-34
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