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In this study, we aim to grow germanene at the interface of hexagonal boron
nitride (h-BN), which is an ideal suﬁstrate for two-dimensional materials, and fabricate devices to
measure its electronic transport properties. In order to investigate Ge crystallization at the
interface of vdW (van der Waals) materials, we used graphene, which has easier handling properties,
was used as the vdW material instead of h-BN. In situ observation using a transmission electron
microscope successfully revealed fundamental crystallization phenomena such as Ge crystallization
and migration in atomic scale at vdW interface. On the other hand, fabrication of germane devices
and uniform growth of germane at the h-BN interface have not been achieved.
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Figure 1. Sample preparation of Figure 2. (a) Photograph of the in situ
encapsulated Ge between graphenes onto TEM holder. (b) The SEM image of the
an in situ TEM holder. (a) Transfer 1L- heater part after the
graphene onto 1L-graphene/Cu for graphene/Ge/graphene  transfer.  (c)
increasing number of layers. (b) Magnified SEM image and the Raman
Encapsulation of Ge and transfer onto spectrum recorded inside the lower hole
the in situ TEM holder. (red arrow). (d) Schematic view of the

fabricated sample from the cross section.
(e) EDS spectrum obtained at the center
of the lower hole.
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Figure 3. Schematic of the heating
profile for the graphene/Ge/graphene
sample for each annealing process. thr
is heating time.

Table 1. All annealing
conditions for this sample.
process # T (°C) trT (mMin)

1 RT -

2 650 10

3 700 10

4 750 10

5 800 10

6 900 0.5

7 950 0.5

8 1000 05

9 1025 05

10 1050 05

11 1050 3

12 1025 05

13 1025 10

14 1050 20

15 1075 12

16 1075 10

Figure 4. TEM images of the
sample obtained at room
temperature (RT) before (a,c)
and after (b,d) annealing at
1025 °C. (e) HRTEM image of
the sample after annealing.
FFT images obtained in the
upper (f) and lower (g) circle.
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Figure 5. Extracted TEM images from the movie at 1050 °C. The time in the upper right
corner indicates the time elapsed from the start time of the clipped movie.
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Figure 6. (a-f) HRTEM images extracted from the movie obtained during the heating at
1025 °C. Time and temperature are shown at the left lower in each image.
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were observed at the arrowed points.
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Figure 8. lllustration of germanene growth at vdW material/Ag(111) interface and its
characterization by Raman spectroscopy in air. [2]
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