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Chemical vapor deposition of Ge on graphene and graphene/h-BN stack Germanium
(Ge) was grown by low-pressure chemical vapor deposition (CVD) in a cold-wall reactor.
The precursor was germane (GeH,) diluted in H, with a concentration of 30%). The
substrate temperature and the partial pressure of GeH, were 500°C and 5 mTorr,
respectively. Before the Ge growth, the graphene and graphene/A-BN stack were
transferred on 150 nm-thick SiO,/Si substrates with PMMA supporting layer. After the
graphene and graphene/#-BN transfer, the PMMA layer was removed by acetone for >6
hours. The prepared substrates containing graphene and graphene/A-BN stack were
loaded into the CVD reactor through a load-lock chamber. After the base pressure of the
CVD reactor reached to 1x10° Torr, substrate was heated up to 650°C and kept at 650°C
for 10 min with hydrogen flow. Then, the substrate was cooled down to growth
temperature (500°C), and the CVD growth was conducted.

Preparation of polarized regions on bismuth ferrite (BFO) 400 nm-thick
polycrystalline BFO thin film on Nb:SrTiO; (Nb:STO) substrate was purchased from
MTI corporation. 50 nm-thick Au layers were deposited on the Nb:STO substrate and the
BFO thin film for bottom and top electrodes by e-beam evaporation, respectively. For the
top electrode shadow mask (hole center-to-center spacing of 100 um) was used to form
Au dot arrays on the BFO thin film. To induce polarization of the BFO electrical bias



ranging from —75 to 75 V was applied through the top and bottom electrodes. After the
polarization Au was removed by potassium iodide (KI)-based Au etchant (TFA)
produced by Transene Inc.. The Au etching rate was ~0.3 nm/sec at room temperature.
Subsequently, the BFO thin film sample was rinsed with deionized water, and dried at
100°C.

Density Functional Theory (DFT) Calculations All calculations in this report are
performed using the plane-wave pseudo-potential code VASP!-3 unver the generatlized
gradient approximation of Perdew, Burke, and Ernzerhof (PBE).# For atomic core-levels,
we have used projected augmented wave (PAW) potentials>¢ treating the 2s2p of C, N,
and B as the explicit valence electrons. For all calculations, the total energy during
electronic relaxation is converged to 10 eV while the force/atom during ionic relaxation
is converted to 0.01 eV/ A. A maximum energy cutoff of 400 eV is used for plane-wave
basis set.

In the calculations, the bulk Ge has cubic unit cell with diamond like structure (lattice
constant @ = 5.658 A). For the combined Ge/graphene/h-BN system, we have taken a
supercell with P1 symmetry. The lattice constants of this triclinic supercell are constants
a=12.669 A, b=13275A,c=30.6 A, a=p=90° and y = 88.85°. There are in total 30
N, 30 B, 60 C, and 56 Ge atoms in this supercell.

We have relaxed our heterostructure using van der Waals (vdW) interaction. To keep
the calculation expense reasonable, we have only considered two Ge planes. Figure 1
shows the supercell structure for the DFT calculations.

To incorporate the vdW interaction, we have used optB86b-vdW functional where the
exchange functionals were optimized for the correlation part.” Therefore, the LDA
correlation part present in the PBE functional is removed by using the parameter
AGGAC=0.000 in the input file in order to avoid double-counting.

For ionic relaxation of Ge/graphene/#-BN system, we have used the I" point to sample
the Brillouin zone, while for all other calculations, e.g., SCF, and charge density, we used
5x5x1 k-points in the Brillouin zone, while the dipole moment calculations were
performed using 25%25x1 k-points. The dipole center was set at the center of the unit cell.
Out of the plane (z-direction) dipole moment is calculated using:
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Figure S1. Structure in (a) shows a supercell of the substrate which includes layers of
amorphous Si0O,, #-BN monolayer, and graphene. For computational simplicity, the 2x2
supercell is reduced into 1x1 unit cell, which only contains graphene and #-BN while the
underlying SiO, ignored. Bilayered Ge is on top of graphene substrate (c¢) and
graphene/h-BN bilayer substrate (d).

We defined cohesive energy for system A+B as,
AE=E,+Eg-E .

while, for system A+B+C it is defines as,
AE:EA+EB+C_EA+B+C,

As shown in Fig. 1, we denoted A=Ge, B=graphene, and C=A-BN.
Our DFT calculated charge-density-difference (4p) is defined as,
Ap=parp=Pa~Pp,
Ap implies excess electrons (A2 > 0) and lack-of-electrons or holes (80 < 0) after the vdW
heterostructure is formed through DFT relaxation process.

Selective area electron diffraction patterns (SAEDs) of Ge layers grown on graphene/h-
BN stacks

Figure S2. The SAEDs of Ge thin films grown on graphene/s-BN stacks
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