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Estimation of contact resistance from two-terminal quantum Hall conductance 

 

For a deeper understanding of the effect of atomically flat, high-k epitaxial thin film on the 

transport of graphene, we studied the quantum Hall conductance in this device. Even though the 

shape of the sample is not a Hall bar structure, the two-terminal quantum Hall conductance can be 

investigated at low temperatures under high magnetic fields. When the configuration of the two-

terminal device is taken into account, several resistance components other than channel resistance 

(RCH), such as wire resistance or contact resistance, could be added along the current pathway to 

give the measured resistance (RM). Here, the sum of all subsidiary resistance components is 

regarded conceptually as a contact resistance (RC), and it gives the following relation; 

𝑅M = 𝑅CH + 𝑅C . 

 

The measured data of conductance quantization under magnetic fields in our device is presented 

in Figure S1. We find that the resistance values of the quantized plateaus are different from the 

values corresponding to universal quantum Hall conductance that are expected in monolayer 

graphene. The difference is approximately 900 ohms for all quantized states, as indicated in Figure 

S1. If we assume that this difference originates from RC, as suggested in the equation above, we 

can extract RCH by simply subtracting the RC value from RM. Then the channel conductance 

becomes 

𝐺CH(𝑇, 𝐻) =
1

𝑅CH(𝑇, 𝐻)
=

1

𝑅M(𝑇, 𝐻) − 𝑅C
 

 

The RC value does not vary much from 2 K to 200 K.  



 

 

 

 

Figure S1. Comparison of experimental data in two-terminal resistance measurements under a 

magnetic field of 14 T with the theoretically expected quantized resistance values corresponding 

to quantum Hall states. The black curve indicates the measured data, and the blue curve is obtained 

after subtraction of 900 ohms from the measured data. 

 

 

Estimation of the effective dielectric constant of STO from two-terminal quantum Hall 

conductance and its temperature dependence 

 

The lower inset graph in Figure 5 indicates the method of using the quantum Hall plateaus to 

estimate the effective dielectric constant of the SrTiO3 (STO) thin film. If we consider only the  

= 6 state, the filling factor of this state should be matched with the quantized resistance plateau of 
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GCH = 6 (e2/h), which results in the range of eff being approximately from 250 to 330 as presented 

in the lower inset of Figure 5. 

 

For the temperature dependence of eff, the location of the quantum Hall state transition from  

= 2 to  = 6 was defined as V2 relative to the charge neutrality point (CNP) of VCNP. For 

quantitative comparison, V2 is obtained from the first derivative of the conductance with respect 

to gate voltage under magnetic field between quantized resistance plateaus as illustrated in the 

upper inset of Figure 5. Because the carrier number to occupy the  = 2 state at fixed magnetic 

field is independent of temperature, little variation of V2 indicates that the effective dielectric 

constant also does not change much with temperature. 

 

 

Leakage current pathway of the graphene device on STO thin film 

 

For the leakage current path, there are three possibilities owing to the electrical contact made on 

the thin-film STO as seen in the inset of Figure 1c. The first is the Nb:STO/thin-film-

STO/graphene, the second is the Nb:STO/thin-film-STO/Cr/Au, and the third is Nb:STO/thin-

film-STO/silver-paste. In our work, it is not clear which one contributes most dominantly to the 

leakage current. In any case, Schottky contact behavior is clearly observed in the data presented in 

Figure 4a, which can be analyzed in terms of the schematic band diagrams shown in Figures S2a 

and S2b. The current flows relatively easily from Nb:STO to the top contact in the positive bias 

case (Figure S2a). On the other hand, for the negative bias, the current flow experiences a tunneling 

barrier due to a Schottky contact formed at the interface of the top contact and STO. For better 



performance with respect to leakage current, adoption of suitable conducting substrates for 

epitaxial STO in addition to a well-defined top contact area should be examined as options to 

achieve ultra-high doping in atomically thin two-dimensional materials. 

 

 

 

Figure S2. Schematic energy band diagram of the graphene-thin-film-STO device for (a) positive 

and (b) negative bias.  

 

 

Carrier density dependent conductance of graphene 

 

The conductance at 2 K shows a linear dependence in the vicinity of CNP but deviates from it 

as gate voltage increases as shown in Figure S3. Although there are still many debates on scattering 

mechanism affecting graphene transport, linear dependence on carrier density near CNP is 

considered to come from long-range Coulomb scattering.25,30-33 The linear blue dotted lines in 

Figure S3 show that the conductance at low density is dominated by charged impurity scattering 

processes. As gate voltage increases, however, our data become fitted well with resonant scattering 
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mechanism by strong and short impurity potential as indicated by red lines in Figure S3.1-5 The 

conductivity in the resonant scattering dominant region follows  

 

σ =
2𝑒2

𝜋ℎ

𝛼𝑉𝑔

𝑛𝑖
ln2(√𝜋𝛼𝑉𝑔𝑟) , 

where α is the ratio of carrier density induced by gate voltage (𝑛 = α𝑉𝑔 ), ni and r are the 

concentration and the potential range of resonant defects, respectively. We can roughly estimate 

the density of resonant scatterers from the fitting parameters as 2 × 1012𝑐𝑚−2 where r is set as 

0.25 nm.  

 

 

Figure S3. Gate voltage dependent conductance at 2 K. The blue and red dashed lines show linear 

and sublinear dependence on gate voltage, respectively. 

 

 



Comparison of this work with others 

 

The device structure and performance of this work and those of others in literature are 

summarized in Table S1.  

 

 

 STO information Graphene transport 

Ref. 
Growth 
method 

t (a) 

Growth condition 
Post-

annealing 
Hysteresis 
(∆𝑉CNP) (b) 

Quantum 
Hall states 

|𝑉(2𝐼CNP) −
𝑉(𝐼CNP)| (c) 

∆𝑉2 (d) 
P(O2) T 

Laser 
fluence 

(Unit) - μm mTorr °C J/cm2 - V - V V 

This 
work 

PLD 0.3 100 700 1.3 
400 Torr 

400 °C, 1h 
No 

hysteresis 
Well-

developed 
0.06 (2 K) 

0.4 (200 K) 
0.3 

(2 K) 

[5] bulk 500 - - - - 
No 

hysteresis 
Well-

developed 
0.6 (0.25 K) 
3.7 (50 K) 

1.5 
(0.25 K) 

[6] PLD 0.3 100 700 N/A 
500 Torr 

400 °C, 1h 
1.5 (300K) N/A 0.8 (300 K) N/A 

[7] PLD 0.25 N/A N/A N/A 1100 °C, 6h 
1 (300K) 

1.8 (4.2K) 
N/A 

0.2 (4.2 K) 
0.7 (300 K) 

N/A 

(a) Thickness of STO. 
(b) The difference between two CNP points depending on the direction of gate voltage sweep. 
(c) The gate voltage required to increase the current at CNP twice. 

(d) The gate voltage for quantum Hall state corresponding to  = 2. 

 

Table S1. Summary of comparison of the STO-graphene system between this work and literature.  
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