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Sample preparation and measurements

Epitaxial graphene (EG) is formed after decomposition and Si sublimation on the
surface of SiC at high temperatures. Angle-resolved photoelectron spectroscopy
shows that newly-grown samples measured insitu have carrier concentrations n =~ 10'3
cm2, ascribed to charge-transfer from an insulating graphene-like buffer layer that is
covalently bonded to the SiC substrate.! In order to study the electronic transport with
In] < 10'> cm?, electrostatic> 3 or photochemical® gating through an insulating
dielectric,moleculardoping’ directly on the EG surface, or atomic intercalation!> ¢
beneath the buffer layer have been used to modify the carrier concentration. In order
to achieve low density EG, Our EG devices were fabricated utilizing a clean
lithography process’ that leaves the surface free of resist residues. After this
fabrication process doping occurs due to or initiated by chemical etching of the
protective layer and exposure to air, producing typical carrier densities of order n =
10" cm™. The devices can be cycled to higher or lower carrier density repeatedly by
annealing at 70°C to 150°C or by air exposure, implicating oxygen and water

molecules from the air as the source of p-type molecular doping.® °

Longitudinal resistivity p,x was obtained by averaging the data from both sides of the
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conducting channel [voltage probes 1, 3 and voltage probes 1* and 3*] and Hall
resistivity px, was measured across the central pair [2 and 2*] of device contacts [Fig.
S1]. In graphene as well as in heterostructures, low carrier concentrations are often
associated with percolating current paths that mix p,, with p,,. Data measured at both
directions of the magnetic field were combined based on the recognized symmetries
of the resistivity components to eliminate this mixing [10], which is strong in highly

disordered samples for large values of py.

Figure S1 Schematic diagram showing a typical monolayer epitaxial graphene (EG)
sample. S and D correspond to source and drain contacts. 1, 2, 3, 1%, 2" and 3" are
voltage probes. Channel dimensions, which are the same for all devices studied, are L
= 0.6 mm, W = 0.1 mm, with voltage contacts spaced 0.1mm apart along both sides of

the device.
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Figure S2 Resistivity values px(B) and pyy(B) of samples (a) EG1 and (b) EG2 for

0<B<9T.
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Figure S3 Determination of the mobility u for samples (a) EG1 and (b) EG2 by fitting
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the measured oy, to neu?B/(1+(uB)?) over the range of 0 <B <0.15 T.



Weak localization and electron-electron interactions in our devices

In the weakly disordered regime, that is, the conductivity higher than e*/zh, weak
localization (WL) and electron-electron interaction (EEI) have significant
contributions to the transport at low B  in disordered graphene devices and may
influence!! the observed I-QH transitions.'>!® The WL term modifies py, without
affecting py,. The diffusive EEI has effects on both py and py,. To investigate the
observed I-QH transition, we have isolated the EEI contribution from the WL one

following Ref. 17. The EEI correction to the Drude conductivity!” is given by

h
kTt

o0 =-K,,G,In(~—), (1)

where K. is an interaction parameter dependent on the type of sample and 7 is the
scattering time. This term gives a In7 dependence to both oy and to the Hall

coefficient Ry = dpxy(B, T)/0B. The InT dependence of Ry is shown in Fig. S4(a).
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Figure S4 (a) Uncorrected Hall slope Ry = dpyy(B, T)/0B as a function of 7. (b)
Standard  deviation of the corrected Hall slope at different 7,

= \/LZ(R;[ _E)Z (where 1 runs over the measured temperature points),
N-1%5

plotted against the interaction parameter K... ARy of the uncorrected data in (a) for

each sample corresponds to ARy(Ke. = 0) in (b).

According to Eq. (1), matrix inversion of the conductivity tensor shows that p,(B,7)

takes a parabolic form,'8
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for oo, << o, where u is the mobility, o}, is the Drude conductivity and y is the
mobility. In addition, the EEI term gives a correction to the Hall coefficient Ry =
Opxy(B, T)/0B following 6R, /Ry =200, /o, , Where R], denotes the classical value of

Ry [ref. 17]. The InT dependence of Ry is observed in Fig. S4(a), suggesting the

influence of electron-electron interactions on the low-field insulating behavior.



Relevant to the data analysis, Eq. (2) indicates a 7-independent point in p,, at B = 1.
To clarify this its relation with the observed crossing issue, we remove the
contribution of EEI as described by Eq. (2) to py at low B [ref. 18] and estimate the
EEI strength following Ref. 17. The correction 5o described by Eq. (2) is subtracted
from the measured oy with 0 < K. < 1. By inverting the resulting conductivity tensor,
we obtain a new corrected set of py and py,. The optimum K, is identified when the
standard deviation of the corrected Ry values at different 7 in Fig. S4(b) reaches its
minimum. As shown in Figs. S5(a) and S5(c), for EGl and EG2 the correction
removal process renders the corrected p,, insensitive to the change in 7T at low fields
and the slope corresponds to R without suffering from EEI. Most disordered device
does not produce an optimum K. with reasonable confidence, and only a weak
minimum (EG3) is obtained by this procedure. The 7T-independent points in py(B, T)

survive in the corrected data for EG1 and EG2 and occur at only slightly lower
crossing fields B’ after the correction [Figs. S5(a) and S5(b)]. The remaining 7 and B

dependence of p, is attributed to WL effect (Supplementary Fig. S5), suggesting that
the transition in EG1 and EG2 represents the crossover from WL to the v = 2 quantum
Hall state. However, stronger disorder in EG3 whose low-7 conductivity is lower than

e?/mh makes the correction descriptions invalid.



Remove the corrections due to electron-electron interactions
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Figure S5 Comparison of 7-dependent resistivities for samples (a, b) EG1 and (c, d)

EG2 before and after removal of interactions. The temperature ranges are the same as

those given in the caption of Fig. 1.
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Weak localization

Our experimental results can be fitted to the theoretical work of McCann et al.!® as
shown in Fig. S6(a) and S6(b). We note that the WL effect contributes to a shift in oy«
proportional to In(z,/7), where 7, is the phase relaxation time and approximately
proportional to 7! as shown in Fig. S6(c); however, WL produces no contribution to

Hall coefficient.
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Figure S6 Fits of the measured Aoy (B) = ox(B) — o (B = 0) to the model developed
by McCann et al. [19] for samples (a) EG1 and (b) EG2. The arrows indicate the

temperature increase. (c¢) The decoherence rate r; obtained from the fits as a

function of 7.



Scaling of the Hall conductivity
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Figure S7 Fit of the slope of the transverse conductivity doy,/dB at the critical field

B? to the power-law dependence on temperature 7 with an exponent x for EG2 and

EG3.

Table S1 Physical quantities of each EG sample.

Sample | Type | density (m?) | K, |u(m?V-ish) | z(fs) | T (meV) B

nb,
EGI1 n 1.75 x 1013 0.35 |0.59 29 23 0.27
EG2 p 8.83 x 10 046 |0.78 27 24 0.41
EG3 n 576 x 1014 | — 0.31 9 76 1.21
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