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ABSTRACT 14 

Germanene is a two-dimensional (2D) germanium (Ge) analogous of graphene, and its unique topological 15 

properties are expected to be a material for next-generation electronics. However, no germanene 16 

electronic devices have yet been reported. One of the reasons for this is that germanene is easily oxidized 17 

in air due to its lack of chemical stability. Therefore, growing germanene at solid interfaces where it is 18 

not oxidized is one of the key ideas for realizing electronic devices based on germanene. In this study, 19 

the behavior of Ge at the solid interface at high temperatures was observed by transmission electron 20 

microscopy (TEM). To achieve such in situ heating TEM observation, we fabricated a 21 

graphene/Ge/graphene encapsulated structure. In situ heating TEM experiments revealed that Ge like 22 

droplets moved and coalesced with other Ge droplets, indicating that Ge remained as a liquid phase 23 

between graphene layers at temperatures higher than the Ge melting point. It was also observed that 24 

droplet Ge incorporates the surrounding amorphous Ge as Ge nuclei, thereby increasing its size (domain 25 
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growth). These results indicated that Ge crystals can be grown at the interface of van der Waals materials, 26 

which will be important for future germanene growth at solid interfaces. 27 

 28 

Introduction 29 

Germanene is a two-dimensional (2D) germanium (Ge) analogous to graphene.[1] Theoretical studies have 30 

predicted that germanene has linear band dispersion,[1-2] a size-tunable band gap by applying an electric 31 

field,[3] and topological properties.[1, 4] Owing to those unique physical properties, electronic device 32 

applications of germanene, such as field effect transistors (FETs),[5] has been highly demanded as well as 33 

silicene,[2, 6] stanene,[7] and plumbene.[8] Nevertheless the growth of germanene has already been reported 34 

on various surfaces, such as Ag(111),[9] Au(111),[10] Cu(111),[11] Al(111),[12] Pt(111),[13] graphite,[14] and 35 

MoS2,[15] the electronic devices of germanene have not been reported yet. Even though by taking into 36 

account other the related group-14 2D monoatomic layers, the reports of their electronic devices are 37 

limited except the hydrogenated germanene (germanane)[16] and silicene FETs.[17] One of the reasons for 38 

this is chemical instability of group-14 based 2D monoatomic layers including germanene. Once high-39 

quality germanene is grown on a surface in an ultra-high vacuum chamber, but it is easily degraded by 40 

oxidation in air. Thus, the fabrication of electronic devices of germanene and other group-14 2D 41 

monoatomic layers is difficult, in contrast to chemically stable 2D materials, such as graphene and 42 

transition metal dichalcogenides (TMD). 43 

As one approach, we have come up with the idea of growing germanene directly at the solid interface, 44 

where it is not oxidized in air.[9f] Based on this concept, we have grown germanene at the interfaces of 45 

graphene/Ag(111) and hexagonal boron nitride (hBN)/Ag(111).[9a] This work proved that the high gas 46 

barrier properties of graphene and hBN allow the germanene at such interfaces to be stable in air. However, 47 
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this growth method still remains challenges for the fabrication of germanene devices since the germanene 48 

is not electrically isolated due to the contacting Ag surface. This is a common challenge for germanene 49 

grown on metal surfaces. In order to realize germanene FETs from growing it on a metal surface, the 50 

physical or electrical separation of germanene from the grown metal surface will be required. 51 

On the other hand, if germanene can be formed directly at the interface of insulators, the issue of contact 52 

between germanene and metal surfaces does not arise, and the development of germanene devices should 53 

be achieved. To maximize the potential of germanene, hBN would be a very promising encapsulation 54 

material among insulators. The advantages of hBN encapsulation are that it provides an atomically 55 

smooth surface (or interface), free of dangling bonds, and screening substrate effects such as scattering 56 

for preserving (modulating, or enhancing) the intrinsic properties of the encapsulated 2D monatomic layer. 57 

These have already been well demonstrated in the carrier transport measurements of graphene[18] and 58 

TMD.[19] 59 

The direct growth of germanene between hBN layers, as well as the growth of other group 14 monoatomic 60 

2D materials, has not been achieved to date. In order to form germanene between 2D materials, we need 61 

to insert Ge sources and crystalize them. Crystal growth from molten state (Czochralski method)[20] and 62 

phase transition from amorphous state[21] are typical ways to form bulk and crystalline thin films of Ge, 63 

respectively, and we thought that employing these methods would be a reasonable way to challenge the 64 

growth of germanene between 2D materials. In this study, we fabricated a Ge encapsulated structure with 65 

graphene layers and observed the behavior of the encapsulated Ge at high temperatures using in situ 66 

heating transmission electron microscopy (TEM). Graphene, which produces van der Waals (vdW) 67 

interfaces similar to those of hBN, was used as an alternative material to hBN. From the TEM observation, 68 

we found that Ge between graphene were able to exist at more than the melting point of Ge (MPGe), 69 

indicating that the graphene layers successfully encapsulate the Ge layer. After several heating processes, 70 
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amorphous Ge and crystalline Ge coexisted between the graphene layers. The shape of crystalline Ge is 71 

almost spherical (named droplet Ge), indicating three-dimensional nucleation. At higher temperatures 72 

than MPGe, the movement of Ge droplets and their coalescence with other Ge droplets in the surrounding 73 

area were observed. Atomic resolution TEM observations showed that some droplets were liquid at high 74 

temperatures because they did not have clear lattice fringes. Since crystalline Ge particles were observed 75 

at room temperature (RT), the droplets crystallized when they cooled down. Our observations suggest 76 

that it is important to avoid the formation of droplet when growing planar Ge crystals (germanene) 77 

between vdW materials, which can provide hints for the direct growth of germanene at solid interfaces in 78 

the future. 79 

 80 

Results and Discussion 81 

1. Preparation and observation of graphene/Ge/graphene encapsulated structure 82 

Figure 1 shows the sample preparation of encapsulated Ge between graphene layers for in situ heating 83 

TEM observation. The sample preparation consists of chemical vapor deposition (CVD) growth of 84 

graphene, transfer graphene, Ge deposition, and encapsulation of Ge by graphene. CVD growth was done 85 

onto a commercial copper (Cu) foil by using a homemade CVD furnace. The grown graphene is 86 

polycrystalline and has a high surface coverage. Figure 1(a) illustrates a transfer process of monolayer-87 

graphene (1L-graphene) onto another CVD graphene/Cu. The grown graphene/Cu (1) was first spin-88 

coated by poly(methyl methacrylate) (PMMA) as a mechanical support layer (2). After drying, the Cu 89 

substrate was etched away with metal etchant (3) followed by multiple deionized (DI) water rinses (4). 90 

The PMMA/graphene was then scooped up with another graphene/Cu (5), and finally the PMMA layer 91 

was removed with acetone (6). This graphene transfer was repeated to fabricate 4L-graphene. Figure 1(b) 92 

shows the encapsulation of Ge by graphene and the transfer of the encapsulated Ge onto a Nano-Chip 93 
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(Wildfire, DENSsolutions) designed for in situ heating TEM observation. A 4L-graphene/Cu (7) and a 94 

Ge thin film deposited 4L-graphene/Cu (8) were prepared for the Ge encapsulation. The Ge thin film was 95 

patterned using a metal shadow mask during the electron beam deposition of Ge. By patterning Ge, the 96 

contact area between the top and bottom 4L-graphene is increased, which improves their adhesion. The 97 

transfer of the 4L-graphene onto the Ge/4L-graphene/Cu was also performed in the same way (9,10) as 98 

the transfer process in Fig. 1(a). Finally, the 4L-graphene/Ge/4L-graphene was transferred by scooping 99 

up with a Nano-Chip (11). 100 

We also tried to encapsulate Ge with two sheets of 1L-graphene, but the Ge disappeared after metal 101 

etching. This is probably due to the metal etchant permeation into Ge across the graphene, indicating the 102 

imperfections in graphene, such as defects, grain boundaries, wrinkles, insufficient adhesion to Ge, and 103 

their occurrence during the transfer process. By increasing the number of graphene layers, the loss of Ge 104 

was strongly suppressed, and 4Ls were found to be thick enough to fabricate a graphene/Ge/graphene 105 

encapsulation structure. 106 
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 107 

Figure 1. Sample preparation of encapsulated Ge between graphene layers onto a Nano-Chip (Wildfire, 108 

DENSsolutions) designed for in situ heating TEM observation. (a) Transfer 1L-graphene onto 1L-109 

graphene/Cu for increasing the number of layers. (b) Encapsulation of Ge and transfer onto a Nano-Chip. 110 

 111 

Figure 2(a) shows a photograph of the Nano-Chip. The size of the Nano-Chip is approximately 4 mm × 112 

10 mm. The graphene/Ge/graphene was placed inside the broken-line rectangular area where the heater 113 

of the Nano-Chip is located.  Figure 2(b) shows the SEM image of the heater part after the 114 

graphene/Ge/graphene transfer. The heater has a spiral shape. Figure 2(c) shows a magnified SEM image 115 

and the Raman spectrum recorded inside the lower hole (red arrow). In the Raman spectrum, D, G, and 116 

G' (2D) peaks were observed at ~1360, ~1583, and 2725 cm-1, respectively. The small intensity of the D 117 

peak and the narrow bandwidth of the G peak (about 16 cm-1 at full width half maximum) indicate high 118 
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crystallinity.[22] The G'/G peak intensity ratio (~0.8) indicates multilayer graphene,[22b, 22c] which is 119 

consistent with our sample preparation process. Figure 2(d) shows the schematic cross-sectional view of 120 

the fabricated sample. Figure 2(e) shows an energy dispersive X-ray spectroscopy (EDS) spectrum 121 

obtained at the center of the lower hole (red arrow). Ge, Cu, oxygen (O), nitrogen (N), carbon (C), and 122 

silicon (Si) were detected. The detected Cu is the residue from the substrate of CVD graphene, and the Si 123 

and N are from the Nano-Chip. The detection of the Ge signal suggests that the sample preparation of the 124 

Ge encapsulation by graphene was successful. 125 

 126 

Figure 2. (a) Photograph of the Nano-Chip. (b) The SEM image of the heater part after the 127 

graphene/Ge/graphene transfer. (c) Magnified SEM image and the Raman spectrum recorded inside the 128 



  

 

8 

lower hole (red arrow). (d) Schematic cross-sectional views of the fabricated sample. (e) EDS spectrum 129 

obtained at the center of the lower hole. 130 

 131 

Figures 3(a) and 3(b) are high-angle annular dark field scanning TEM (HAADF-STEM) images of the 132 

graphene/Ge/graphene sample at RT before and after EDS analysis, respectively. Figures 3(c-h) show the 133 

EDS maps of C, N, O, Si, Cu, and Ge. The distributions of N, Si, and Cu were not clearly defined in the 134 

EDS maps due to the very low abundance or uniform distribution of these elements. On the other hand, 135 

the distribution of Ge was clearly detected by the EDS map (Fig. 3(h)). Since the signal obtained by 136 

HAADF-STEM is proportional to the α power of the atomic number (Z) [Zα (α = 1.3 ~ 2)],[23] the bright 137 

contrasts in Figs. 3(a) and (b) indicate Ge morphology. The observed Ge was agglomerated, which was 138 

probably due to the insufficient adhesion between Ge and graphene. As can be seen in Figs. 3(a) and 3(b), 139 

the morphology of Ge changes from lumpy to smoothly connected aggregates after long-time electron 140 

beam irradiation (>1 hour) during the EDS mapping measurement. Although the detailed mechanism of 141 

the morphological change is unclear, unnecessary electron beam irradiation was avoided in order to 142 

minimize damage to the sample hereafter. 143 
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 144 

Figure 3. HAADF-STEM images and EDS maps of the graphene/Ge/graphene sample at RT before 145 

annealing processes. HAADF-STEM images (a) before and (b) after EDS analysis. EDS maps of (c) C, 146 

(d) N, (e) O, (f) Si, (g) Cu, and (h) Ge. 147 

 148 

149 
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Subsequently, we started to heat the sample using the in situ heating holder followed by TEM observation. 150 

The sample was annealed many times with simple heating profiles of different temperatures (T) and 151 

heating time duration (tHT) as shown in Fig. 4. The typical heating rate was approximately +100 °C/min 152 

and typical cooling rate was approximately -100 °C/min. All annealing processes for this sample are 153 

summarized in Table 1. 154 

 155 

Figure 4. Schematic of the heating profile for the graphene/Ge/graphene sample for each annealing 156 

process. tHT is heating time duration. 157 

 158 

 159 

 160 

 161 

 162 

 163 



  

 

11 

Table 1. Heating temperature (T) and time (tHT) for all annealing processes for the graphene(4L)/Ge(20 164 

nm)/graphene(4L) sample in this study. 165 

process # T (°C) tHT (min) 
1 RT - 
2 650 10 
3 700 10 
4 750 10 
5 800 10 
6 900 0.5 
7 950 0.5 
8 1000 0.5 
9 1025 0.5 

10 1050 0.5 
11 1050 3 
12 1025 0.5 
13 1025 10 
14 1050 20 
15 1075 12 
16 1075 10 

 166 

To achieve the purpose of this study, we need to observe the crystallization of Ge between graphene layers 167 

by TEM. However, the sample is not uniform as can be seen from Fig. 3. Therefore, we attempted to find 168 

as complete a graphene/Ge/graphene region as possible for in situ observation. Figure 5(a) shows a TEM 169 

image of the sample after annealing at 700 °C (process #3 in Table 1); the annealing at mild temperature 170 

was performed to clean the sample. The band-like structure (from top left to bottom right) and dark 171 

contrast in Fig. 5(a) are likely graphene and Ge, respectively. To determine the number of graphene layers, 172 

HRTEM images and corresponding fast Fourier transform (FFT) images (Figs. 5(b-d)) were taken at the 173 

arrowed points (b), (c), and (d) in Fig. 5(a). The FFT images (Figs. 5(b-d)) show several six-fold 174 

symmetry spots corresponding to graphene. The transfer of graphene from one graphene to another 175 

without intentional alignment in their crystalline direction, such as in the present sample preparation, 176 

results in random stacking of those graphene layers at a high probability. Therefore, the number of six-177 
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fold symmetry spots guarantees that the same number of graphene layers present at the point where the 178 

FFT image were taken. Counting the number of spots in a 60-degree range in Figs. 5(b-d), 4, 7, and 8 six-179 

fold symmetry spots were observed, respectively, so that the numbers of graphene layers at these points 180 

are 4, 7, and 8L. According to the numbers of those graphene layers at (b-d) and the TEM contrast in Fig. 181 

5(a), the expected arrangement of graphene and Ge is shown in Fig. 5(e), where red (4L) and yellow (7-182 

8L) are being superimposed as the number of graphene layers on the TEM image (Fig. 5(a)). Since there 183 

are a lot of dark contrast in the yellow region in Fig. 5(e), it is expected that graphene/Ge/graphene is 184 

locally remaining. Figure 5(f) shows a possible cross-sectional structure on the line of α to β in Fig. 5(a). 185 

Although it is possible that the Ge is not covered by graphene layers, as shown in Fig. 5(g), uncovered 186 

Ge would evaporate at temperatures higher than MPGe (938°C) because of vapor pressure. 187 
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 188 

Figure 5. (a) TEM image of the sample after annealing at 700 °C (process #3). (b-d) FFT images obtained 189 

in (a). The relatively clear 6-fold spots corresponding to graphene are encircled by ellipses as eye guides. 190 

The white numbers indicate the numbers of spots counted in a 60-degree range. (e) Expected arrangement 191 

of graphene and Ge. Red (4L) and yellow (7-8L) colors are superimposed as the number of graphene 192 

layers on (a). (f,g) Possible cross-sectional structure on the line of α to β in (a). 193 
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 194 

2. Suppression of Ge evaporation by graphene encapsulation 195 

To confirm the encapsulation of Ge by graphene layers, we performed several heating processes (#4 ~ 196 

12) including the heating temperatures higher than MPGe. Figures 6(a) and 6(b) show TEM images 197 

obtained at RT after the annealing #12. The band-like structure expected to be a graphene/Ge/graphene 198 

region seems to still present. Subsequently, additional annealing was performed at 1025 °C for 10 min 199 

(process #13), and TEM observation was performed at RT in the exact same area as in Figs. 6(a) and 6(b). 200 

Figures 6(c) and 6(d) show the TEM images after annealing at 1025 °C (process #13). It was observed 201 

that the different contrast changes depending on the region by the annealing at 1025 °C. While the dark 202 

contrasts were maintained or darkened more between the dashed lines in Fig. 7(c), the dark contrasts 203 

disappeared or faded in the other regions. This indicates that graphene/Ge/graphene area exists between 204 

the broken lines and that graphene encapsulation suppresses Ge evaporation at higher temperatures than 205 

the MPGe. In the graphene-encapsulated regions, it was also observed that the number of black dots 206 

increased and became more clearly visible. Figure 6(e) shows a HRTEM image of a black dot. Several 207 

lattice fringes were observed in the HRTEM image. Figures 6(f) and 6(g) show the FFT images obtained 208 

within the upper and lower circles enclosed by the yellow broken lines in Fig. 6(e), respectively. The FFT 209 

images agree well with Ge (111) and Ge (110), indicating that the black dots are crystalline particles of 210 

Ge. On the other hand, the majority of the surrounding area showed no spots in the FFT image. This 211 

indicates that the majority of Ge between graphene layers remains amorphous state even after annealing 212 

above MPGe. 213 

 214 
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 215 

Figure 6. (a,b) TEM images obtained at RT after several heating processes (#4 ~ 12).  (c,d) TEM images 216 

obtained at the same area as in (a) and (b) after annealing at 1025 °C for 10 min (process #13). Expected 217 

graphene covered region is between the broken yellow lines in (c). (e) HRTEM image of a black dot. (f,g) 218 

FFT images obtained within the upper and lower circles enclosed by the yellow broken lines in (e), 219 

respectively. The FFT images agree well with Ge (111) and Ge (110), indicating that the black dots are 220 

crystalline Ge. 221 
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 222 

3. Crystal phase of Ge at high temperatures 223 

Figure 7 shows the TEM images of black dots at high temperatures (>MPGe) extracted from the movie 224 

(S1 “fusion”) obtained by in situ TEM observation at 1050 °C (process #14). The time shown in the upper 225 

right corner for each TEM image correspond to the time after the start of the video (S1 “fusion”) recording 226 

in real time (The video plays at ~5x speed). We observed several spherical dark contrasts, which we will 227 

refer to hereafter as "droplet Ge". In Fig. 7, we mainly focused on the droplet Ge indicated by the arrow 228 

in the first TEM image (20s). As can be seen, the droplet Ge moved, deformed, and finally merged with 229 

the other droplet Ge on the right side. This flexible movement and coalescence of Ge indicates that the 230 

droplet Ge is in a liquid state at 1050 °C. It is noted that bare Ge (not covered by graphene) is not expected 231 

to exist in a liquid or solid state at 1050 °C, since the vapor pressure of Ge at 1050 °C is about 10 Pa, 232 

much higher than the pressure in the TEM chamber (< 2×10-5 Pa). On the other hand, the droplets showed 233 

a crystalline structure at RT (Figs. 6(e-g)), suggesting that they crystallized during cooling. 234 

 235 
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Figure 7. TEM images of black dots at high temperatures (>MPGe) extracted from the movie (S1 “fusion”) 236 

obtained by in situ TEM observation at 1050 °C. The times shown in the upper right corner for each TEM 237 

image correspond to the time after the start of the video (S1 “fusion”) recording in real time (not video 238 

time). 239 

 240 

Next, we performed HRTEM observation of droplet Ge at 1075 °C. Figure 8(a) shows an HRTEM image 241 

extracted from the movie obtained by in situ TEM observation at 1075 °C (process #16). Figures 8(b-d) 242 

show the FFT images in Fig. 8(a). We observed lattice fringes in the area shown in (b) of Fig. 8(a) (it is 243 

more clearly seen in the area encircled by the ellipse in the lower center). The corresponding FFT image 244 

(Fig. 8(b)) shows several spots, indicating the presence of ordered structure. On the other hand, some 245 

droplets Ge do not have clear lattice fringes, such as (c) and (d) in Fig. 8(a). It is noted that the area (d) 246 

may not be a droplet Ge but simply a vacant area. Those FFT images (Figs. 8(c) and 8(d)), which is 247 

different from Fig. 8(b), shows a few faint and unclear spots. In addition, the obtained three FFT spot 248 

patterns (Fig. 8(b-d)) do not agree with that of Ge (totally different from Figs. 6(f) and 6(g)), graphene, 249 

or even meatal impurities such as Cu. We assumed that the observed FFT spot patterns are originated 250 

from the structure of liquid Ge. It is widely reported that liquid Ge has short-range ordered structure.[24] 251 

The reported average nearest-neighbor distances of Ge-Ge at high temperatures (2.66 Å at 1175-1650 252 

K,[24b] 2.68-2.69 Å at 1120-1534 K,[24c] 2.74-2.76 Å at 1270-1870 K[24d]) are ~8% to ~13% larger than 253 

crystalline Ge at RT (2.45-2.46 Å[24e]). Also, by taking into account the self-diffusion coefficient of Ge 254 

atoms in liquid phase (1.3 × 10-8 m2 s-1 at the temperature of MPGe
[25]), Ge atoms in a droplet Ge move 255 

extremely fast in the size of the HRTEM image. Therefore, the short-range ordered structure in liquid Ge 256 

would result in different spot patterns in the FFT image as compared to diamond cubic crystal of Ge, and 257 
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the fast movement of Ge atoms in liquid Ge would cause fluctuations and instability in the FFT spot 258 

patterns. 259 

 260 
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Figure 8. (a) HRTEM image of droplets Ge extracted from the movie obtained by in situ TEM observation 261 

at 1075 °C (process #16). (b-d) FFT images obtained within (b), (c) and (d) in (a). 262 

 263 

Figure 9 shows the STEM-EDS results obtained at RT after all annealing processes (after process #16). 264 

Figure 9(a) shows the EDS spectrum. Figures 9(b) and 9(c) show HAADF-STEM images before and after 265 

the EDS analysis, respectively. Figures 9(d-i) show EDS maps of C, N, O, Si, Cu, and Ge. From Fig. 9(a), 266 

Ge and a little amount of Mo and Cu were detected. The Mo signal is from the material of heating wire 267 

of the Nano-Chip. The Cu would be contamination from the sample preparation process (substrate of 268 

graphene grown by CVD). Since the amount of Cu detected was very small and no agglomeration was 269 

observed (Fig. 9(h)), it was confirmed that Cu did not affect the TEM observations and the 270 

aforementioned discussion of droplet Ge. On the other hand, the contrast distribution in the HAADF-271 

STEM images (Figs. 9(b) and 9(c)) is consistent with the distribution of Ge (Fig. 9(i)). Thus, the particles 272 

(droplet Ge) observed in Figs. 7 and 8 are surely made of Ge. Furthermore, no oxygen was detected at 273 

the Ge positions (Fig. 9(f)), indicating that droplet Ge is pure germanium, not Ge oxides such as GeO2. 274 

These results suggest that Ge can exist as a liquid phase between vdW layers even above MPGe. 275 
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 276 

Figure 9. STEM-EDS obtained at RT after all annealing processes (after process #16). (a) EDS spectrum. 277 

(b,c) HAADF-STEM images (b) before and (c) after the EDS analysis. (d-i) EDS maps of (d) C, (e) N, 278 

(f) O, (g) Si, (h) Cu, and (i) Ge. 279 

 280 

4. Nucleation and domain growth of Ge encapsulated by graphene layers 281 

Figures 10(a-f) show the TEM images extracted from the in situ TEM movie for the process # 13 (S2 282 

“growth”).  The time and temperature are shown in the lower right corner of each TEM image. During 283 

the heating process, contrast changes were observed at various regions. Here, we focus on the circled 284 

region near the center of the TEM images. The contrast in the circled region remained dark during the 285 

temperature increase from RT to 1000 °C (Fig. 10(a-c)). Thereafter, the dark contrast faded while the 286 

temperature was kept constant at 1025 °C (Fig. 10(d) and 10(e)). 287 
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Figures 11(a-d) show magnified TEM image around the circled region in Fig. 10. The time and 288 

temperature are shown in the upper left corner of each TEM image. At 750 °C during the temperature 289 

increase, a tiny droplet Ge was observed (indicated by the arrow in Fig. 11(a)). When the temperature 290 

reached 1025 °C, a new droplet Ge appeared (indicated by the left arrow in Fig. 11(b)). While the 291 

temperature was maintained at 1025 °C, the size of the droplets Ge increased (Figs. 11(b-d)). At the same 292 

time, the contrast in the circled broken line in Fig.11(a) gradually changed from dark to faint. The fading 293 

contrast probably means that the condensed amorphous Ge diffused into the surroundings, resulting in 294 

the reduction its concentration. These indicates that Ge crystal growth occurred and a Ge nucleus 295 

incorporated the surrounding amorphous Ge. This situation is similar to the bulk crystal growth of Si and 296 

Ge, such as Czochralski method,[20] and our TEM observations suggests that crystal growth of Ge between 297 

graphene layers is possible. However, the crystal growth in this experiment (Fig. 11) seems to be three-298 

dimensional because the shape of the droplet Ge was spherical and no information about the two-299 

dimensionality could be obtained from the crystallized Ge. Therefore, more unique and new ideas are 300 

needed to achieve the growth of 2D germanium (germanene) between vdW layers. For example, limiting 301 

the direction of crystal growth by thinning the initial Ge source film to make it more truly 2D, or creating 302 

a monolayer vdW/metal (111) heterostructure to induce remote epitaxy, as has been reported for graphene 303 

growth on GaAs.[26] 304 
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 305 

Figure 10. (a-f) TEM images extracted from the in situ TEM movie for the process #13. The time and 306 

temperature are shown in the lower right corner of each TEM image. 307 

 308 

 309 

Figure 11. (a-d) Magnified TEM image around the circled region in Fig. 10. The time and temperature 310 

are shown in the upper left corner of each TEM image. Ge droplets are indicated by arrows. 311 
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 312 

Conclusion 313 

In this study, we fabricated a graphene/Ge/graphene encapsulated structure using transfer process of CVD 314 

graphene. The fabricated encapsulated Ge was observed by in situ TEM to investigate how the Ge in the 315 

vdW layer behaves at high temperatures, especially at temperatures higher than MPGe. The results showed 316 

that graphene encapsulation played a role in suppressing Ge evaporation even above MPGe. At higher 317 

temperatures than MPGe, the movement of Ge droplets and their coalescence with other Ge droplets in 318 

the surrounding area were observed. In situ HRTEM observation at high temperatures revealed that some 319 

droplets Ge do not have clear lattice fringes, indicating that Ge can exist as a liquid phase between vdW 320 

layers. It was also observed that droplet Ge incorporates the surrounding amorphous Ge as Ge nuclei, 321 

thereby increasing its domain size. These results indicate that the Ge encapsulation structure with vdW 322 

materials can be used to grow Ge crystals, such like Czochralski method, between vdW layers. Although 323 

more unique and new ideas will be needed to achieve the growth of germanene between vdW layers, the 324 

present results may provide clues for the future direct growth of germanene between hBN layers. 325 

 326 

Methods 327 

CVD growth of graphene: CVD graphene was grown on a commercial Cu sheet (99.96% in purity, 100 328 

µm thickness, Nilaco) in a homemade CVD system in NIMS. Polycrystalline monolayer graphene with 329 

high coverage was targeted in the present CVD. The growth process was as follows: i) increasing the 330 

temperature from RT to 800 °C in Ar; ii) increasing the temperature from 800 to 950 °C in H2/Ar (~15% 331 

H2); iii) H2/Ar (~10% H2) annealing for 100 min at 1000 °C; iv) O2/Ar (~20 ppm O2) annealing for 35 332 

min; v) graphene growth by introducing CH4 (~50 ppm) with H2 and Ar for 90 min; vi) additional 333 
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graphene growth in H2/Ar and high concentrations of CH4 (~0.1 %) for 5 min; vii) cooling to RT in H2/Ar 334 

(~2.5% H2). The H2/Ar and O2/Ar annealing were performed to reduce nucleation density of graphene.[27] 335 

The additional growth, so-called two-step growth,[28] was performed to increase the coverage of graphene. 336 

The mechanisms related to this CVD growth are presented elsewhere.[27b, 27c, 29] 337 

Transfer graphene: The transfer process (Fig. 1) basically follows the standard wet transfer process for 338 

graphene.[30] PMMA was dissolved in anisole and then the suspension was spin-coated onto graphene/Cu. 339 

(NH4)2S2O8 was used to etch Cu. To begin, Cu was etched for a short time (5-10 min). The sample was 340 

taken out from the etchant and the backside graphene was removed by softly rubbing the backside of the 341 

Cu with a commercially available cotton swab. After replacing the etchant with a new one, etching of Cu 342 

restarted again. The short etching and rubbing were repeated twice in total, followed by the main etching 343 

(usually several hours). After multiple DI rinses, the PMMA/graphene was then scooped up with another 344 

graphene/Cu, and finally the PMMA layer was removed with acetone. 345 

Ge deposition: Ge thin film of 20 nm thickness was deposited at RT by an e-beam evaporator (RDEC Co., 346 

with the Ltd., RDEB-1206K). The deposition rate was ~1.0 Å s-1. 347 

SEM-EDS: SEM and EDS analysis were performed using a commercial SEM (Hitachi TM4000). 348 

Secondary electron images and EDS spectra were obtained at an acceleration voltage of 15 kV. 349 

Raman spectroscopy: A commercial Raman microscope (Horiba, LabRam HR Evolution) with an 350 

excitation wavelength of 458 nm was used for obtaining Raman spectra. 351 

In situ heating TEM experiments: In situ TEM experiments on graphene-encapsulated Ge were conducted 352 

using a DENSsolutions lightning sample holder in a spherical aberration (Cs)-corrected TEM, JEM-353 
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ARM200F, operated at 200kV. OneView camera and drift correction were used. EDS mapping after a 354 

heating process was performed after the sample temperature was cooled to RT. 355 

 356 
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