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Carrier scattering in quasi-free standing graphene on hexagonal boron nitride
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Fig. S1 Raman shift of graphene on SiO,/Si and h-BN in our devices.

The number of Graphene layers was analyzed by Raman spectroscopy. In our devices, graphene on
SiO,/Si and h-BN exhibited considerably similar feature from 2600 to 2800 cm!. In 2D-band, the
main peak at 2700 cm™!' and shoulder peak at 2660 cm™!' were observed, which indicate we used 2-4

layers of graphene with AFM images in Fig. 1. !
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Fig. S2 Variation of S-parameters, S11 (reflection), and S21 (transmission) with experimental

temperature and frequency; graphene on (a) SiO,/Si and (b) h-BN

The S11 magnitude of graphene on SiO,/Si linearly decreased with increasing temperature. On the
other hand, S21 magnitude showed with the complete opposite to the S11 result. Disorder of the
graphene induced by SiO, substrate resulted in trapped charges in its surface, which provided the
depressions at 20 GHz, 30 GHz, and 35 GHz in S21 magnitude. In the S-parameters of graphene on h-
BN, the magnitude reversed at a characteristic temperature near 180 K; S11 magnitude increased up

to 180 K and then decreased, but the S21 magnitude behaved in an opposite manner to the S11

magnitude.
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Fig. S3 Phases of devices, graphene on (a) SiO,/Si and (b) h-BN, with experimental temperatures

and frequency.

The S-parameters and phases (Fig. S3) of RF can be converted to the following matrix equations,

Oppases [+ +
Sl.j = SMagm.mde,y.e Mecr(d, j=1,2) and (D)

=—| 1 2 2 2 2 > 2)
2S21 Z_((l_Sn) _S21) (1_S11+Sz1)
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4 B 1 (1_5121 +Szzl) Zo((1+S121)2 _Szzl

where Z, (50 Q) denotes the initial load for GSG probing.>* Then the RF propagation constant y

and impedance Z are extracted from the following relationship for RF transmission,

B
=cos'4, Z=.,—. 3
4 ’/C 3)
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Fig. S4 Real impedance of graphene on h-BN from 150 to 200 K

The real impedance of graphene on h-BN from 150 to 200 K represented in Fig. S4 in order to
investigate the highest impedance, which moved from 170 to 180 K as the frequency increased from
11 to 36 GHz. The impedance peak was shifted because Dirac fermion electrical transport mainly
contributed to the free carrier response at low frequency range, the impedance peak was shifted. > So,
thermally generated carriers (free carrier response) were more dominant than scattering effect at a low

frequency, and thus the impedance peak shifted to lower temperature with decreasing frequency.
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Fig. S5 The Kubo formalism result of intrinsic graphene. Calculated (a) Real, (b) imaginary and (c)

total conductivity of graphene.

The real (Fig. S5(a)) and imaginary (Fig. S5(b)) part of conductivity are rapidly decreased, and total
conductivity (Fig. S5(c)) is conversed from negative to positive gradient after 180K. These results are
calculated by Kubo formalism with equation 3 of manuscript in order to comparing impedance result

(Fig. 5)
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(b) Graphene on h-BN
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Fig. S6 Extracted shunt conductance and shunt capacitance of graphene on (a) SiO,/Si and (b) h-BN

from 100 K to 300 K

The shunt conductance (G) and shunt capacitance (C) from 100 K to 300 K are shown in Fig. S6.

While the resistance (R) and inductance (L) have linear characteristics with temperature as in Fig. 6,

the G and C show nonlinear characteristics. The temperature dependence of G and C is relatively

small, which demonstrates that the electrical effects of the SiO,/Si and h-BN on graphene as a

substrate are quite similar.
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Fig. S7 The real impedance of graphene on h-BN in air, graphene on h-BN in vacuum, and

encapsulated graphene.

The real impedance of graphene on h-BN in air, vacuum, and encapsulated represented in Fig. S7.
The real impedance of graphene on h-BN in air is higher than the other samples, which is caused by
interaction between the graphene surface and air. The scattering effect in air cause large fluctuations
from 30 to 40 GHz. The graphene on h-BN in vacuum and encapsulated graphene show very similar
low real impedance magnitude values, because both of samples do not interact with the graphene

surface and air.
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Fig. S8 The (a) shunt conductance and (b) shunt capacitance of graphene on h-BN in air, graphene

on h-BN in vacuum, and encapsulated.

The shunt conductance (G) and shunt capacitance (C) of graphene on h-BN in air, vacuum, and

encapsulated are exhibited in Fig. S8. While the resistance (R) and inductance (L) have distinct

characteristics between samples in Fig. 7(f) and (g) of manuscript, the G and C show confused

characteristics. The difference of G and C between the different sample types is considerably smaller

than the difference for R and L, demonstrating the insignificant effect of air on these electrical

characteristics.



Network
Analyzer

. /“Boron Nitride Graphene

Fig. S9 GSG pattern and radio frequency measurements. (a) The schematic of radio frequency
measurement system with different temperature and structure for GSG pattern. (b) Image of

experiment setting in vacuum chamber

RF signals of devices were measured under vacuum conditions in order to prevent water vapor and
impurities in the air condensing. The liquid nitrogen flowed around the vacuum chamber, which
gradually lowered the temperature on the supporting stage of the measurement system. Then, current
was applied slowly to thermal lines and the specific temperature in the chamber controlled using a

proportional integral derivative controller (PID control).
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