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1. The work flow of sample fabrication progress.
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Supplementary Figure 1. Sample fabrication process. (a)-(j) show the flow of a
typical fabrication process of the samples. Bernal-stacked bilayer graphene (BLG) as
well as thin CrOCI flakes (10-20 nm in thickness) and encapsulating hexagonal boron
nitride (h-BN) flakes (10-20 nm in thickness) were exfoliated from high-quality bulk
crystals and stacked in ambient condition using the polymer stamp assisted transfer
method.!!! Electrodes with edge-contacts to Hall bars of the such vertically assembled
van der Waals (vdW) heterostructures were patterned using standard electron beam
lithography. A dual gate configuration is used to capacitively induce carriers no: and
to define an effective vertical displacement field Defr from both top and bottom gates.
The recipe of O2/CHF3 for etching h-BN has a negligible etching rate with respect to
CrOCl, as indicated in (i) h-BN/BLG has been etched away while CrOCl is almost not
affected by the etching. Scale bars in these images are 10 pm.



2. Morphology and atomic resolution of the cross section of a typical sample.

h-BN

Pattemed —~ crocl

h-BN/BLG il (Vg )1,

P II B T

Supplementary Figure 2. Cross-section of a typical sample fabricated (a) Optical
micrograph of a typical sample, with the aspect ratio of the measured channel close to
I in Fig. 1 in the main text. (b) Cartoon view of the h-BN/BLG/CrOCI samples
described in (a). (c) Atomic resolution of the cross section of a typical heterostructure
can be seen in the high-angle annular dark-field scanning transmission electron
microscopy (HADDF-STEM) image, with the corresponding electron dispersive
spectroscopy (EDS) mapping shown in (d).



3. Comparison of gapped state between BLG/CrOCI and h-BN/BLG/h-BN.
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Supplementary Figure 3. Comparison between CrOCl-interfaced BLG and the
conventional h-BN sandwiched case. (a) Same data in Fig. le in the main text
plotted in the mw-Defr space. (b) Rxx obtained in a control sample of conventional
h-BN/BLG/h-BN device. (c) Line profiles of the exotic insulating phase in
CrOCl-proximitized BLG and conventional h-BN sandwiched BLG, plotted in the
similar range of nwt and Defr. It is seen that G2 resistance can be found in much wider
effective doping range in the BLG/CrOCl system.



System Maximum | Effective Doping | Displacement Ref.

Resistance | Range of the | Field at Maximum

(Q) Insulating State Resistance

(x10'2 cm?) (V/nm)
h-BN/BLG/h-BN 0.7x108 ~0.5 N/A [2]
Al,03/BLG/S10; 5.0x108 ~2.0 -2.3 [3]
Suspended BLG 1x10° ~0.03 N/A [4]
h-BN/BLG/h-BN in | 0.7x10’ <0.5 +£0.6 [5]
Corbino Geometry
Suspended BLG 1x107 ~0.4 0.09 [6]
h-BN/BLG/CrOCl 5.0x10° >10.0 [0, 1] This
Work

Supplementary Table 1. Summarization of characteristic parameters for
different BLG samples reported.?-l




4. Reproducibility of the exotic insulating phase in CrOCl-interfaced BLG.
a b 12

Device-S3

-_—
® o

Top Gate (V)

o N O~ O

c d 14
Device-S5 12

_
o

Top Gate (V)

o N A OO

2 0 2 4 6
Bottom Gate (V)

6 -4

e f 12

Device-S7 10

Top Gate (V)

o N B~ OO o

2 0 2 4 6
Bottom Gate (V)

-8 6 -4
Supplementary Figure 4. Reproducibility of the observed insulating phase in
BLG/CrOCIl. Typical devices of the h-BN/BLG/CrOCI heterostructures measured at
temperature of 1.5 K, with their optical image and channel resistances Rxx plotted side
by side, from (a) to (f), respectively. It is seen that the insulating phase in Fig. le in
the main text is reproducible in multiple samples tested.
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Supplementary Figure 5. Negligible gate leakage currents in the devices studied.
By examining the gate leakage currents in both top and bottom gates, we found no
leakage currents in the samples (a)-(d) device S-4, (e)-(h) device-S6, and (i)-(1)
device-S8. Few layered CrOCI is proven to be a good dielectric material at low
temperatures. These data were measured at 7= 1.5 K.



5. Channel resistances of dual gated BLG/CrOCI under magnetic fields.
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Supplementary Figure 6. Landau quantizations (in cxy) in a typical bilayer
graphene (BLG)/CrOCI sample. (a) Color map of oxy=Rxy/(R«’+Rxy*) plotted in the
parameter space of nwt and D, at 7= 1.5 K and B =12 T. (b) and (c) are line profiles
of oxy, obtained at Der=0.4 V/nm and nwt = 2.2x10'> ¢cm™, respectively. In the
conventional phase, full degeneracy lifting was seen, with integer filling fractions of v
=0, -1, -2, -3, -4, ..., all well defined in the quantum Hall plateaus in oxy. In the
interfacial coupling phase, electron doping can be realized, with v = + 4 visible. In
order to extract the no and Do (defined in the main text), we define the 70 using the
LL of v = 0 outside the unusual gap, and hence no can be obtained. Since D is a
relative value, we chose Dy at the section of =0 line with V,z=0, for simplicity.

BLG has valley (+,-), spin(1,!), plus the orbital (0,1, i.e., layer polarization), a

total of 8-fold ‘degeneracy’ in the lowest Landau level. Experimentally, full
degeneracy lifting has been observed in previous reports.[>’) It is seen that all integer
filling fraction of -1, -2, -3, -4,... can be found in those samples in the clean limit,
which is similar to our results in Fig. 2 in the main text. The difference is, in the
conventional BLG cases, energy levels in the zero energy Landau level (ZLL) are
crossing in the space of D and n at a certain magnetic field B. This is not seen in our
CrOCl-interfaced BLG samples, we attribute it to a high Desr range where crossing
were not seen. While in the conventional case the interlayer potential u has to go



through zero and crossings are inevitable at low energies. At this stage, we would tend
to think that such valley symmetry broken phenomenon is unlikely related to the

observed correlated insulator behavior.



B(T)

0 !
-0.5 0 05 1 -0.5 0 0.5 1
D (V/inm) D (VInm)

Supplementary Figure 7. Landau fan of a typical BLG/CrOCI device scanned
along with different Desr at a fixed nwt. (a)-(b) Landau fan in oxx and oy,
respectively. Data measured at 7 = 1.5 K, and the Defr was varied from -0.6 to 1.1
V/nm, with the nw fixed at 2.2x10'> cm?. Here, ox and oxy are defined as
Ouo=Rxx/(Rxx>+Rxy?) and  oxy=Rxy/(Rxx*+Rxy?), respectively. Four-probe lock-in
measurements with a frequency of 17.77 Hz were used in this figure.



6. Supplementary Note 1. The electrostatic model of the h-BN/Bilayer Graphene
(BLG)/CrOCl.

To understand the experimentally observed exotic features, we have in the following
developed an electrostatic model in the studied system. We will first list two major

unusual experimental observations as follows:

1. The ‘iso-doping’ line bending effect in the Def-n10t mapping.
2. The large area of gapped state at charge neutrality of BLG, in the Def-ntot mapping.

In the following, we will explain the above two major experimental observations
using an electrostatic model. In short, the above observed ‘insulating phase edge
bending’ and the ‘huge area of charge neutral state’ are attributed to the interfacial
coupling between graphene and CrOCI surfaces. Such interfacial coupling invokes
two mechanisms:

1) There exist interfacial states, which can serve as a reservoir of electrons with very
large density of states (DOS), but have no free charges hence do not contribute to the
transport directly.

2) A band structure reconstruction takes place once the Fermi level of graphene
matches the lowest energy of the interfacial states, leading to a relative energy shift

between interfacial states and BLG

We assume that an interfacial charge layer exists in the h-BN/BLG/CrOCl
heterostructure, which is located in bulk CrOCI below graphene with a distance of db,
as shown in Fig. 2¢ in the main text. The whole system can then be simplified into a
capacitance model shown in Fig. 2d in the main text, with charge density defined as #t,
ni (i.e., nBLG), n2 (i.e., ncroci), ny, and the chemical potential defined as Vi), 0, Vo).
Here, ¢ denotes top, b denotes bottom. Distance and dielectric constant of each
dielectric layer are then written as d1, &1, d2, &1, d3, &3, with the inter-layer electric field
written as E1, E>, E3. Moreover, the electron density in graphene and CrOCI layers are

defined as o1, and oo, respectively.

Assuming that the interfacial states of BLG/CrOCI are located in the band gap of bulk
CrOCl, and with high DOS and width, but do not contribute to transport. When BLG
is tuned from the hole-side toward the CNP, i.e., Fermi level (Er) of BLG is lower
than the energy of the lowest value of the interfacial states, only charges at the Fermi
surface of graphene are at play in the transport. Hence everything is rather

conventional, and the system behaves as ‘pristine’ BLG. The energy difference



between CNP of BLG and the lowest band edge of the interfacial states is defined as
Ag. It is worth mentioning that the band structure of BLG in our simplified model is
parabolic instead of a “W” shape (or, often noted as the ‘Mexican hat’ shape) in reality.
However, the modification of band structure has minor effect on the DOS and will not

change the main result of our model.

When the BLG band is filled with charge carriers, its EF increases. At the point when
Ermatches the lowest value of the interfacial states, electrons start to fill into the DOS
of interfacial states. We will argue in the coming parts that to observe the

experimentally observed phenomena, there is an enlargement of Ag.

In the coming calculations, DOS for the interfacial states and BLG are written as,

pcroci(€) = p (1)

Aa a
PorEp > ;p or Ep<— ;p

Peic (&) = A A 2)
0,-—22 < F, <2
T2 o2

where we assume that the DOS of BLG is a constant pcr. The band gap Agap is

determined by external electric field E, the layer distance zo of BLG, and the

maximum band gap y: as follows 1°]:

gap [Uz N 7/12
Here
U = eEzo (4)

And E is the average electric field above and below the BLG, zo ~ 0.33 nm is the layer
distance of BLG. We noticed that, experimentally, di/1 and d3/&3 can be almost the
same, and both d; and ds are way larger than d>. For simplicity, we define
dr=1 (5)
di/er=ds/es=al (6)
Here, « is a large dimensionless coefficient.
Electron charge is written as -e, with e=1.6x10" C.

Each electric field can be written as

v
E ="t 7
; (7

.
E =2 8
2= (®)



Vo=V,

Z )

E, =

Here, we omitted the potential between two layers of BLG since it is usually small
compared with the applied voltage on top and bottom gates.

According to the Gauss’s law

(o] :_(51E1+52E2)50:_(Vt+alVZ)gO (10)
a
1 _
o, =(8,E, &, )5, = LEA V)% (1)
al
and
o, =—-ne,i=12 (12)
One obtains the following
n = . tar)e (13)
ale
n = 1+, + V), (14)
ale
because the chemical potentials of the interfacial states and BLG are equal, one gets
=0 (15)
or
n,=p(E.+eV,+A,) (16a)
A, A,
P [EF - ;p j» Ep> ;p
A A A A
n =<0,—- §p<EF<% (16b)
A ¢l A A
Lar (EF + ;pja Ep < _$

Here Er is the Fermi energy. Notice that in the above models, the difference of
chemical potential of BLG caused by the movement of its Fermi level is omitted, as it
is much smaller compared to the electrostatic energies induced by gate, and does not

change the main results.

We then have two phases.:

Phase-i (the ‘conventional phase’ defined in Fig. 2e-f in the main text), 7n,=0, and the
heterostructure act like a “pristine” BLG, and

Phase-ii (the ‘interfacial coupling phase’ defined in Fig. 2e-f in the main text), the



interfacial states are partially occupied.

Since these equations are highly nonlinear, we have to solve them numerically. The
parameters used in our calculations are listed below (with S.I. units omitted):

o =150

[=4x1071°

&= 8.85x10"2
e=1.602x10""
p=10"/e
£6=0.5%1018
Ag=0.26e

h=1.05x10"*

n=3.1415926
1n=0.25¢

Here we derive the DOS of BLG from its electron effective mass which is ~ 0.03 e,
and a coefficient is multiplied to tune the model. In order to have the bending effect of
CNP, we assume that Ag is an asymptotic function of n2, which may be a consequence
of the bandwidth expansion due to electron interactions in the interfacial states. By
taking a hypothesis of a simple asymptotic function, with 4 and B the fitting

parameters:
B-n,

—_— 17
J(B-n)* +1 {1

AE(nz) :AE(O)+A'

The iso-doping under the assumption of Eq. 17 can be plotted in Fig. 2f in the main

text, with 4 ~ 6X10% and B ~ 1.5x10"'7 used in the calculations, respectively. It is

worth mentioning that without the correction of Eq. 17, the calculated iso-doping lines

in phase (i1) will be straight lines with no bending effect.

According to the above analysis, a diagram showing typical transition process in our

system from Phase-i to Phase-ii is illustrated in Supplementary Figure 8.

At this stage, our electro-static model well captures the main features of the

experimental observation in Fig. 2e in the main text.
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Supplementary Figure 8. Schematic of doping-diagram for the transitions between

Phase-1 and ii.



7. Temperature dependence of dual gated Rxx in BLG/CrOClL
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Supplementary Figure 9. Dual gate maps of sample resistance in a typical
CrOCI/BLG/h-BN device at different temperatures. Data were obtained at zero
magnetic field, and the temperature was elevated from 1.5 K to 100 K. Two-terminal
R« was recorded using DC measurement. And each map was calibrated by
subtracting the contact resistance R. (measured by four-wire measurement at V=0V
and Ve = -8 V for each temperature). It is clear that the extremely insulating phase at
1.5 K (orange color, with resistance > 1 GQ) shrinks its doping range of D, along with
a decrease of the amplitude of resistance. The insulating phase prevails up to 100 K,
but with shrunk phase area and lowered value of resistance.
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Supplementary Figure 10. Dual gated map of Rxx of a typical BLG/CrOCl
sample at 7 = 80 K. (a) DC sample resistance measured in a two-wire configuration
in the parameter space of Vyg and Vg at 80 K. It is seen that the insulating region is
much shrunk as compared to that of, for example, 7 = 1.5 K. Also, the maximum
resistance also reduces to a few tens of MQ, while it reached above 1 G at lower
temperatures. Nevertheless, at this temperature (above liquid nitrogen temperature),
the insulating phase is still way higher compared to those values reported elsewhere in
dual gated bilayer graphene even at temperatures lower than 4 K.[®3°] By extracting
the maximums of the resistive peaks, we obtain the white circled line, as indicated in
(a). Specifically, we chose 6 points (point-I to VI, indicated in (a)) in the insulating
phase to perform thermal activation measurements, as shown in Supplementary
Figure 10. (b) Table of the calculated 7t and D for the test-points I-VI using their
coordinates of Vig and Vig.



8. Linear dependence of switching voltage from insulating to metallic state.
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Supplementary Figure 11. Two-terminal Zas-Vas curves measured in electrodes
with different distances. (a) Optical image of a typical sample Device-S12. Scale bar
is 10 pm. (b) Two-wire I-V curves probed using different pairs of pins, at 7= 1.5 K
and B = 0 T, with Degr ~ 0.4 V/nm, and nor ~ 3x10'2 cm™. It is clear that the critical
voltage (where the system exits the insulating states and enters a resistive ‘normal’
state, with the relation of /- becoming quasi-linear) is proportional to the distance L
of electrodes, between which Vs is applied. Therefore, the critical voltage is actually
denoting a critical in-plane electrical field £, defined as £, = Vas/L. c) Breakdown
in-plane electric field E. = V./L, plotted as a function of 1/L. The fact that the data points
do NOT extrapolate to zero is a strong evidence that the current system is NOT of the
Zener-type, but rather exhibits a pair-breaking behavior.''! The dashed black line is
guide to the eye. In other words, according to the relationship of Ec vs. 1/L in band
insulators, the conventional Zener breakdown voltage E. = Ec *L therefore should
have little size-dependence, which is clearly ruled out in our system. It is also worth
noting that the mesoscopic samples studied in our work exhibit insulating breakdown
at Ec ~ 10° V/m, orders of magnitudes smaller than the values of Zener breakdown for
band insulators (~ 10® V/m, which is size-independent).['?! This is in agreement with
the theoretical model in in the limit of small L.!'!}



9. Logic devices based on correlated insulator in BLG/CrOCI heterosystem.

R (€)
10"
10

T 10°
N\ 4
“Vig=+12.673 V [ IR

10

™ Device-S26 Device-S22
L V=29V
5 0 5 10
Bottom Gate (V) 5 Bottom Gate (V)
c
2187 PMOS-like 107 NMOS-like
2.0 0.8~
15 < 06"
1.0 204
05 Vog =-28V 0.2 Vig=12.673V
Device S26 Vigs =5 mV Device S22 Vys=5mV
0.0+ ! I T l 0.0+ I f I I
0 2 6 10 0 2 4 6 8 10
Vig (V) Vog(V)
. £ Vout
(@]
Device-S26 Device-S22

PMOS-like b NMOS-like
N
Vset V set

Supplementary Figure 12. CMOS and logic inverter made of
CrOCl-proximitized BLG. Rxx measured at 7= 1.5 K and B=0 T for (a) Device S8
and (b) S7 are shown by sweeping top and bottom gates. Data obtained in a DC mode
with a two-wire configuration. The final color map was calibrated by removing the
contact resistance of about 1~2 kQ using four-wire measurement. When the bottom
gate (top gate) is set to be constant, the Device S8 (Device S7) can be functioning as a
PMOS-like (NMOS-like) transistor by sweeping its top gate (bottom gate) in a
voltage range of 0-8 V, shown in (c) and (d), respectively. Here, (c) and (d) are the
same data as in Fig. 4a-b in the main text. (¢) The optical image of the two devices
bonded for measurements. (f) The wiring of the two devices as a logic inverter, as
illustrated by the diagram in Fig. 5c in the main text. Scale bars are 5 um.
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Supplementary Figure 13. Inverter performance at different Vad. (a) Vou as a
function of Vi, for different Vg, from 100 mV to 275 mV, respectively. (b) The value
of gain for each corresponding curves in (a), with /4a (drain current) plotted in the

inset.
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Supplementary Figure 14. Inverter performance at fixed values Vaa for different
temperatures. (a)-(e) Vou as a function of Vi, for different temperatures, with the Vaq
fixed at 100, 150, 200, 225, and 250 mV, respectively. In each sub figure, Vou at
different temperatures are recorded, from 1.5 K to 80 K. Notice that the (c) here is the

same data presented in Fig. 5f in the main text.
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Supplementary Figure 15. A logic NAND gate made of two graphene NMOS-like
transistors. (a) Schematic diagram showing the principle of how the NAND logic
gate works with two BLG/CrOCI NMOS-like transistors in parallel. In this particular
case, we used Device S22 and Device S26 in parallel, while a Vaqis biased through a
resistor of 100 kQ. Notice that both devices are working in the NMOS-like regime,
with Vi for Device S22 and Device S26 set to be +7 V and +6 'V, respectively. The
inputs 4 and B for Device S22 and Device S26 are given as rectangular waveforms
with the frequency of B doubled than that of 4, and both amplitudes are 5 V. The
waveforms of Vou (X value in (b)), input 4, and input B are shown in (b) for different

temperatures up to 80 K, which demonstrate a standard logic NAND function.
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