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In situ study of growth mechanism of germanene 

segregated through Ag(111) thin films by Raman and 

X-ray photoelectron spectroscopy 

Tomo-o Terasawa1, 2, *, Daiki Katsube3, Masahiro Yano1, Takahiro Ozawa2, Yasutaka Tsuda1, 

Akitaka Yoshigoe1, Hidehito Asaoka1, and Seiya Suzuki1. 

1Japan Atomic Energy Agency, 2The University of Tokyo, 3Japan Fine Ceramics Center, 

Germanene, a honeycomb lattice of Ge atoms, has attracted attention for next-generation 

electronics and as a topological material. Among reported synthesis routes, the segregation method 

enables reproducible monolayer germanene formation on Ag(111) through simply annealing an 

Ag(111) thin film on a Ge(111) substrate. Despite this success, the physical origins of its 

monolayer selectivity and the mechanism for suppressing competing Ge phases remain unclear. 

Here, we investigate germanene formation via Ge segregation using in situ Raman spectroscopy 

and X-ray photoelectron spectroscopy to directly track Ge behavior during annealing and cooling. 

In situ observations revealed that annealing at 500 °C yielded no Ge-related byproducts, and the 

system reached a high-temperature surface equilibrium state, independent of the initial Ge amount. 

Cooling from this state produced a Ge-enriched surface that stabilizes the formation of monolayer 

germanene. In contrast, heating only to 300 °C produced three-dimensional Ge islands without 

Ge-enrichment, followed by Ge–Ag alloy formation upon subsequent cooling. By integrating the 



 2 

temperature-dependent diffusion length and the process-dependent diffusion direction, we 

established a unified description of Ge behavior on Ag/Ge(111) substrates, in which cooling-

induced Ge-enrichment at the surface reproducibly stabilizes the selective formation of monolayer 

germanene. 

 

INTRODUCTION 

Germanene, a two-dimensional honeycomb lattice composed of monolayer Ge atoms, has 

attracted significant attention for its linear band dispersion together with a finite band gap of 24 

meV 1,2, and its predicted topological nature, suggesting room temperature (RT) qubits hosting 3,4. 

These features position germanene as a potential key material in next-generation electronics and 

quantum technologies. 

Germanene has been successfully grown on various substrates, including Ag(111)5–12, 

Au(111)13–15, Cu(111)16, Al(111)17–20, Pt(111)21, Ag-Al alloy22, MoS2
23, graphite24, and Ge2Pt 

alloy25. Among them, only germanene on Ag(111) and Au(111) exhibits vibrational signatures of 

Ge-Ge covalent bonding7,11,15. In addition, germanene on Ag(111) shows larger superstructures 

than those on Au(111)6,9,15, which indicates better long-range order. They suggest that Ag(111) is 

the most effective substrate reported so far for high-quality germanene growth. 

To date, most Ge-on-Ag(111) studies have used Ge deposition. Early works found the formation 

of surface alloys, Ag2Ge26–28. By precisely controlling the Ge dose and growth rate, the growth of 

germanene was achieved5. More recently, Zhang et al. reported that Ge deposition below 200 °C 

yields a long-range ordered superstructure of √109 × √109 germanene9. However, they also 

reported the imperfect Ge lattice partially substituted by Ag9.  
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Alternatively, Yuhara et al. demonstrated a segregation method in which, during annealing at 

500 °C, Ge atoms diffuse through an Ag(111) thin film deposited on a Ge(111) substrate and form 

germanene on the surface by subsequent cooling6. A large-area, commensurate 7√7 × 7√7 

germanene was obtained in a monolayer form using this method6. In addition, germanene is easily 

oxidized but can be recovered by simple vacuum annealing29, which is another advantage of the 

segregation method. Thus, brushing up on this method is beneficial as a future scalable growth 

technology for germanene applications. 

However, the underlying mechanism of reproducible monolayer germanene formation via the 

segregation method remains unclear. It is still unknown how monolayer germanene selectively and 

stably forms, instead of Ge-related byproducts such as three-dimensional (3D) Ge islands and 

Ag2Ge surface alloy10,11. Moreover, as germanene is considered a metastable state30, clarifying 

how it is stabilized and under what thermal conditions it emerges, are essential for the further 

application of segregated germanene. Experimental investigations are further constrained by the 

oxidative instability of germanene, which necessitates in situ characterization at high temperatures 

(HTs) without breaking the vacuum. 

In this study, we investigated the germanene formation through Ge segregation, employing in 

situ Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) throughout the growth 

process. To clarify the behavior of Ge systematically, we prepared three types of samples with 

different initial amounts of Ge adsorbed on the surface and dissolved in the Ag thin film. Raman 

spectroscopy tracked the temperature evolution of Ge-Ge covalent bonds, elucidating the process 

by which germanene and its byproducts form. XPS revealed the amount and chemical states of 

surface Ge before and after germanene formation. In particular, in situ observations were 
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conducted at various temperatures not only during annealing but also during cooling, as germanene 

formation was observed upon cooling in this study. 

By correlating the temperature-dependent behavior of Ge with its solubility and diffusion in Ag, 

we aim to clarify the conditions that lead to reproducible and selective monolayer formation of 

germanene rather than Ge byproducts. The underlying mechanism proposed here would provide a 

framework for understanding not only germanene growth via segregation but also via deposition, 

offering insights applicable to the segregation-driven synthesis of other 2D materials. 

 

EXPERIMENTAL SECTION 

Sample preparation. Three types of samples were prepared and referred to as pristine, germanene, 

and sputtered substrates (Figure 1a). These samples have different initial amounts of surface Ge 

and Ge dissolved in the Ag film. First, a Ge(111) substrate was cleaned by repeated Ar⁺ sputtering 

and annealing, followed by deposition of a 150-nm-thick Ag film in a vacuum chamber with the 

base pressure of 3 × 10-8 Pa. After transferring into another vacuum chamber, the surface was 

further cleaned by 1 keV Ar⁺ sputtering for 20 minutes before the experiments. This sample, 

referred to as the “pristine substrate,” is used in XPS experiments. Second, germanene was grown 

by annealing the pristine substrate at 500 °C for 10 minutes and cooling to RT. The formation of 

germanene was confirmed by low-energy electron diffraction (LEED) using ErLEED (SPECS) at 

beam energies of 15 to 120 eV, as shown in Figures 1b, c. This sample is referred to as the 

“germanene substrate”. Third, the germanene substrate was sputtered with Ar⁺ for 10 minutes to 

remove the germanene layer, referred to as the “sputtered substrate”. Removal of Ge was verified 

by XPS (Figure 3d). In summary, the pristine substrate contains no Ge either within or on the Ag 

film; the germanene substrate contains Ge both in and on the film; and the sputtered substrate 
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retains Ge only within the Ag thin film. Using these samples, we investigated how the initial Ge 

distribution influences germanene growth. 

Experimental procedures. To investigate the growth mechanism of germanene, we performed 

in situ measurements along two types of thermal histories, hereafter referred to as “annealing” and 

“cooling” (Figures 1d, e). In the annealing experiment (Figure 1d), the sample was annealed at the 

designated HTs for at least 10 minutes, and Raman spectroscopy and XPS were performed (in 

separate experiments under identical annealing protocols) at the corresponding annealing 

temperatures. Subsequently, after decreasing the temperature to RT, the same technique (Raman 

spectroscopy or XPS) was performed again at RT. In the cooling experiments (Figure 1e), the 

temperature was increased to 500 °C and then decreased to designated intermediate temperatures 

(Tinterm), at which Raman spectroscopy or XPS was performed. Then, the cooling was continued 

to RT, and the same technique (Raman spectroscopy or XPS) was performed at RT. The dynamics 

of Ge segregation and germanene formation were analyzed by varying the Tinterm. 
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Figure 1. (a) Schematic illustration of sample preparation. (b, c) LEED patterns of germanene 

formed after annealing at 500 °C, observed at RT with electron beam energies of (b) 70 eV and (c) 

30 eV. White, green, and blue circles highlight the Ag(111)(1 × 1), germanene, and other spots, 

following the same convention that Yuhara et al. reported6. (d, e) Temperature diagrams of 

annealing and cooling experiments, respectively. 
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Raman spectroscopy. We performed in situ Raman spectroscopy in a vacuum chamber (1 ×10−6 

Pa). A 473 nm laser was incident at 60° to the surface normal for 10 minutes. The in situ 

experiments were performed using a home-built automatic system equipped with a direct current 

flow controller for an indirect heater composed of a Si plate. A pyrometer was used to monitor the 

substrate temperature. Concurrently, optical microscope images were acquired using a CMOS 

camera to avoid laser focusing on large 3D Ge islands. Note that, since oxygen exposure, even at 

a pressure of 5 × 10-6 Pa for 30 minutes, causes negligible O adsorption on germanene in our 

previous study29, the present base pressure was sufficiently low to prevent oxidation of germanene 

during the experiments over several hours. Details of the chamber and microscope setup are 

provided elsewhere31,32.  

Synchrotron radiation XPS. We performed in situ XPS at BL23SU in SPring-829, using a 

surface reaction analysis apparatus (SUREAC2000) under ultrahigh vacuum (2 × 10−8 Pa). The 

incident photon energy was 700 eV, calibrated using the Fermi energy and the 4f peaks of Au. The 

incident angle was 30° from the surface normal, while the photoelectron escape angle was along 

the surface normal. For each experiment, survey spectra, as well as Ge 3d, Ag 3d, O 1s, C 1s, and 

valence band spectra, were recorded. We confirmed minimal contamination on the three substrates 

based on the O 1s and C 1s spectra (Figure S1). The sample temperature was measured with a 

thermocouple calibrated by the same pyrometer used in the Raman experiments. Ge 3d peaks were 

fitted using Voigt functions with one or two components (Figure S2), each consisting of the two 

spin-orbit peaks, Ge 3d5/2 and 3d3/2, with a spin-orbit splitting of 0.55 eV. 

 

RESULTS 
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Annealing experiments. To examine the growth mechanism of germanene, it is critical to 

determine whether the Ge-Ge bonding exhibits germanene-like characteristics at each temperature. 

We thus performed in situ Raman spectroscopy to investigate the temperature dependence of Ge-

Ge bonding (Figure 2a), using sputtered and germanene substrates to evaluate the influence of 

initial Ge amount on the Ag film. Typical Raman spectra of the sputtered (Figures 2b, c) and 

germanene (Figures 2d, e) substrates are presented, with Figures 2b, d at HTs and Figures 2c, e at 

RT. 

For sputtered substrates at HTs (Figure 2b), a sharp peak at 300 cm-1 with a full width at half 

maximum (FWHM) of approximately 8 cm-1 appeared at 300 and 400 °C. The FWHM and peak 

position indicate sp3-bonded Ge atoms27,33 in 3D Ge islands10,11.  Note that Ag2Ge shows no Raman 

peaks in this spectral region27. The 300 cm⁻¹ peak disappeared at 500 °C (Figure 2b), suggesting 

the instability of 3D Ge islands on Ag(111) at this temperature, which is also confirmed by optical 

microscopy (Figure S3). Whether this disappearance is due to Ge desorption or transformation into 

a different state will be elucidated later in Figure 3. After the subsequent cooling to RT from 500 °C 

(Figure 2c), germanene formation was observed, as evidenced by broad Raman peaks at ~156 and 

~254 cm⁻¹ assigned to the out-of-plane (oTO) and in-plane transverse optical (iTO) phonon modes 

of germanene, respectively7,11. In contrast, the peak near 300 cm⁻¹ persisted after annealing at 300 

and 400 °C and cooling to RT. Thus, germanene formation requires annealing at 500 °C, whereas 

lower annealing temperatures result in the 3D Ge island formation. 

For germanene substrates at HTs (Figure 2d), germanene peaks were originally observed at 

around 150 and 260 cm-1 up to 200 °C. These peaks disappeared at 300–400 °C, and a peak 

corresponding to 3D Ge islands emerged instead. These 3D Ge islands also disappeared at 500 °C, 

similar to those on the sputtered substrate. After cooling to RT from 200–400 °C (Figure 2e), the 
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Raman spectral features at HT (Figure 2d) were preserved. After annealing at 500 °C followed by 

cooling to RT, germanene peaks reappeared, as observed for the sputtered substrate (Figure 2c). 

These results indicate that, regardless of the initial Ge amount on the Ag film, annealing at 500 °C 

followed by cooling leads to the formation of germanene. 

Combining the results of sputtered and germanene substrates, the in situ Raman data in Figure 

2 clarified how the Ge bonding states on the Ag(111) surface vary with temperature. From RT to 

200 °C, the Ge bonding states remained unchanged. In the 300–400 °C range, Ge tends to form 

3D islands, even when germanene was present at RT. This behavior indicates the thermal 

instability of germanene within this temperature range. At 500 °C, all Ge–Ge bonds on the Ag(111) 

surface are broken, and subsequent cooling to RT leads to germanene formation.  
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Figure 2. (a) Schematic of experimental procedure for annealing experiments. (b–e) Temperature 

dependence of Raman spectra of (b, c) sputtered and (d, e) germanene substrates (b, d) at HTs 

during annealing and (c, e) at RT after annealing. In (b–e), black and red arrows highlight the sp3-

bonded Ge and germanene peaks. The gray background indicates the Raman shift below 100 cm-

1, where Rayleigh scattering affects the measurement. Note that the background was subtracted 

using the spectrum of another sputtered sample. 
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The role of HT states in the germanene formation process is further examined by XPS (Figures 

3, 4). To examine the chemical state and amount of surface Ge, particularly during annealing 

processes, we performed in situ XPS measurements of the Ge 3d spectra for the pristine, sputtered, 

and germanene substrates at various HTs during annealing and at RT after cooling (Figure 3a). 

Comparing these substrates clarifies how the initial Ge distribution on and in Ag affects germanene 

formation. Representative spectra are shown in Figures 3b–g, with the peak-fitting results in 

Figures 4a–d. Unless noted, we use the Ge 3d peak area and the Ge 3d/Ag 3d area ratio to estimate 

the surface Ge amount.  

For pristine substrate at HTs (Figure 3b), no Ge 3d peak was observed up to 300 °C during 

annealing, indicating that Ge atoms have not reached the surface from the Ge(111) through the Ag 

film. The Ge 3d peak appeared at 350 °C and became more prominent at HTs, and remained at 

450 and 500 °C. As the Raman spectra showed no peaks (Figures 2b, d), Ge atoms reside on the 

surface without forming Ge–Ge bonds at 450 and 500 °C. Cooling to RT increases the Ge 3d signal 

relative to that at HTs (Figure 3c). This indicates that Ge atoms dissolved in the Ag film at HTs 

segregate to the Ag(111) surface upon cooling, particularly after annealing at 400–500 °C, leading 

to an increase in surface Ge. 

For sputtered substrates at HTs (Figure 3d), weak Ge 3d peaks were observed before annealing. 

The Ge amount is estimated to be less than 10% of that in germanene (see Figure 4a), suggesting 

that the sputtering process removed most of the surface Ge. An increase in the Ge 3d peak intensity 

was observed at HTs above 200 °C. Compared with the pristine substrate, the surface Ge amount 

on the sputtered substrate was higher at 200 °C (Figure 3b), indicating that surface Ge mainly 

originates from the Ge atoms remaining in the Ag(111) thin film rather than from the Ge(111) 

substrate. During annealing at 300 and 500 °C, the Ge amount remains, suggesting that the near-
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surface Ge population was largely maintained under both conditions. After cooling to RT (Figure 

3e), the Ge intensity exceeded that at HTs, as was the case for the pristine substrate. Therefore, the 

pristine and sputtered samples are considered to be in the same state with respect to the Ge 3d 

intensity trend during annealing at 400–500 °C. Notably, a shoulder emerged around 30.0 eV at 

300 °C (Figure 3d) and disappeared at 500 °C. We attribute this component to sp3-bonded Ge 

atoms, with Ge 3d5/2 and 3d3/2 peaks at 29.39 and 29.94 eV, respectively34. The temperature 

dependence of the shoulder peak in XPS is consistent with the Raman peaks characteristic of 3D 

Ge islands (Figures 2b–e), supporting its assignment to sp3-bonded Ge. 

On the other hand, for germanene substrates at HTs (Figure 3f), the Ge 3d peak intensity 

gradually decreased up to 250 °C, suggesting partial dissolution of surface Ge into the Ag film, 

and then remained nearly constant above 300 °C. Similar to the sputtered substrates, sp3-bonded 

Ge was observed in the 250–400 °C range and disappeared at 450–500 °C. At RT after subsequent 

cooling (Figure 3g), the spectra obtained after 250–400 °C annealing were almost identical to each 

other, whereas those after 450 and 500 °C annealing deviated markedly from the 250–400 °C 

spectra. After annealing at 250–400 °C, a peak appeared around 29.3 eV, corresponding to sp3-

bonded Ge. This trend is more pronounced than on the other substrates at those temperatures, 

suggesting enhanced 3D Ge island formation on this substrate. Since the germanene substrate 

initially has germanene on the surface, the 3D Ge island formation is likely correlated with a higher 

initial surface Ge concentration. After cooling to RT following annealing at 450 and 500 °C, the 

3D Ge islands disappeared, and germanene re-formed (Figure 3g), as on the other substrates. The 

peak fitting analysis of Ge 3d at HTs is presented in Figure 4 to further elucidate the mechanism 

of germanene formation. 
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Figure 3. (a) Schematic of experimental procedure for annealing experiments. (b–g) Temperature 

dependence of XPS Ge 3d spectra of (b, c) pristine, (d, e) sputtered, and (f, g) germanene substrates, 

(b, d, f) at HTs during annealing and (c, e, g) at RT after annealing. Black arrows highlight the 

formation of the sp3-bonded Ge atoms.  

To gain quantitative insight into the temperature dependence of the Ge amount on the Ag surface 

and its chemical states, the peak fitting results are presented in Figures 4a–d. Figures 4a, b, and 

S4a, b, show the Ge/Ag ratios at HTs and RT, calculated from the Ge and Ag 3d peak area and 

their photoionization cross sections35. Using the photon energy of 700 eV and the binding energies 

of Ge 3d (∼29 eV) and Ag 3d (∼368 eV), the inelastic mean free paths were estimated to be 1.58 

nm for Ge 3d and 0.674 nm for Ag 3d36. In this analysis, the Ge one monolayer (ML) is defined 

as a Ge(111) bilayer with a thickness of approximately 3.27 Å, corresponding to 1.45 × 1015 atoms 

cm-2, which gives a Ge/Ag atomic ratio of about 0.42237. For spectra that required two components 

in the fitting, the first component (at the lower binding energy) corresponds to Ge in and on the 

Ag film. In contrast, the second component (at the higher binding energy) is shown as open 

symbols in Figures S4a–d and is mainly attributed to sp3-bonded Ge (Ge 3d5/2 peak at 29.39 eV). 

Figures 4a, b show how the Ge amount varies with temperature across different substrates. For 

the pristine substrate (Figure 4a), the Ge/Ag atomic ratio starts to increase at 350 °C and reaches 

a level comparable to that of the other substrates at 400 °C. For the sputtered and germanene 

substrates, the Ge/Ag ratios at 300–400 °C (Figure 4a) are approximately 0.3, corresponding to 

3/4 ML of Ge. This Ge amount exceeds the solubility of Ge in bulk Ag, which is less than 1% at 

200 °C and approximately 5% at 500 °C38, suggesting formation of surface alloys containing Ge. 

Moreover, the excess Ge remains at the surface after cooling from 300–400 °C (Figures 4b, S4b), 

consistent with our previous results29 and earlier studies5,26.  
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Upon annealing at 450–500 °C, the surface Ge amounts reached similar levels across the three 

samples (Figure 4a). As this trend is independent of the initial Ge content, a surface 

thermodynamic equilibrium within the Ag(111)/Ge(111) segregation system (no external Ge flux) 

is considered established at 450–500 °C. Consequently, annealing the sample even once to 450 °C 

or higher causes Ge to inevitably segregate from the Ag to the surface during subsequent cooling 

to RT. This results in a final Ge surface coverage exceeding 1 ML (corresponding to a Ge/Ag ratio 

of 0.422) and may correlate with germanene formation, as observed in Raman spectroscopy 

(Figure 2). These findings suggest that the Ge state at 450–500 °C is a key to form germanene, and 

elucidating its chemical state is important for understanding the mechanism of germanene 

formation. 

To examine the temperature dependence of the chemical states of Ge, we analyzed the Ge 3d5/2 

peak positions (Figures 4c, d). For the present analysis, we classified Ge into five chemical states 

(Ge in bulk Ag, Ag2Ge, site-exchanging Ge atoms, germanene, and sp3-bonded Ge) based on peak-

fitting results as summarized in Figures 5a–e. Here, we focus on the Ag coordination number 

around Ge. This classification is based on the interpretation that the upward shifts of the Ge 3d 

peak result from reduced charge transfer from Ag to Ge caused by a lower Ag coordination number 

around Ge, as detailed below. 

We now detail this interpretation by assigning the Ge 3d5/2 peak positions to specific Ag 

coordination numbers (Figures 5a–e). The assignments for Figures 5a, b, d, e are based on 

previously reported binding energies and coordination numbers in the literature6,26,29,39,40. The state 

shown in Figure 5c is newly identified in the present study. The Ge 3d5/2 peak at 28.7 eV is 

observed for the pristine substrate after annealing at 300–350 °C (black plot in Figure 4d). We 

attribute this lowest binding energy to Ge atoms embedded substitutionally in the bulk Ag near the 
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surface (Figure 5a). In this configuration, each Ge atom is surrounded by twelve Ag atoms26,39, 

maximizing the charge transfer from Ag to Ge and lowering the Ge 3d5/2 binding energy. The peak 

at approximately 28.8 eV corresponds to the Ag2Ge surface alloy, where each Ge is coordinated 

by nine Ag atoms26 (Figure 5b). This state appears after annealing at 250–350 °C. Consistent with 

prior work6,29, the Ge 3d5/2 peak at ~29.0 eV is assigned to 7√7 × 7√7 germanene on Ag(111). 

Because of the superstructure and its buckled lattice, the coordination to Ag can range from 0 to 3 

(Figure 5d). At the highest binding energy, around 29.3 eV, the sp3‑bonded Ge (Figure 5e) appears. 

This state is less coordinated to Ag atoms than the other Ge structures and is associated with 3D 

Ge islands. 

We next discuss the chemical states of Ge during annealing (Figure 4c). We identified an HT 

state with a distinctive Ge 3d5/2 component at 28.9 eV. During annealing, the sputtered and 

germanene substrates reach this state at 250–500 °C, whereas the pristine substrate does so at 400–

500 °C. Since 28.9 eV is intermediate between the Ag2Ge and germanene peak positions, the Ag 

coordination number around Ge is in the range 3–9 (Figure 5c). Zhang et al. reported that in an in 

situ STM study, Ge atoms on Ag(111) are highly mobile, repeatedly inserting into and de-inserting 

from the Ag surface at 107–157 °C40. Our observed distinct 28.9 eV state would be considered as 

an HT state in which insertion and de-insertion of surface Ge are pronounced (Hereafter, this HT 

state is referred to as “site-exchanging Ge atom”). The in situ XPS results revealed that the 

aforementioned surface equilibrium state at 450–500 °C represents a single chemical state in the 

Ag(111)/Ge(111) segregation system, regardless of the initial Ge amount. This convergence at HT 

enables the highly reproducible formation of 7√7 × 7√7 germanene on Ag(111) via segregation. 
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Figure 4. (a, b) Ge amount and (c, d) Ge 3d5/2 peak position analyses (a, c) at HTs during annealing 

and (b, d) at RT after annealing. In (c, d), peak assignments for germanene, site-exchanging Ge 

atoms, Ag2Ge, and Ge in bulk Ag are indicated in purple, green, light blue, and orange, respectively.  
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Figure 5. Schematics of Ge chemical states with structural models (side and top views), state name, 

Ag coordination number around Ge, and binding energy of Ge 3d5/2 for (a) Ge in bulk Ag, (b) 

Ag2Ge, (c) site-exchanging Ge atom, (d) germanene, and (e) sp3-bonded Ge.  

Figure 6 schematically illustrates the effect of annealing temperature on Ge behavior on pristine, 

sputtered, and germanene substrates (Figures 6a–c), as revealed by Raman spectroscopy and XPS. 

For the pristine substrate (Figure 6a), the surface condition remains unchanged (no Ge segregation) 

up to 350 °C and becomes similar to that of the other substrates above 400 °C (Figure 6d). For the 

sputtered and germanene substrates (Figures 6b, c), the initial states are nearly unchanged from 

RT up to approximately 200 °C. Between 300–400 °C, Ge atoms dynamically exchange sites near 

the Ag surface, with a portion of Ge atoms forming 3D Ge islands (Figure 6e). On further heating 

to 400–500 °C, 3D Ge islands disappear, and site-exchanging Ge atoms stay on the Ag(111) 

surface (Figure 6d). Upon cooling from 450–500 °C to RT, Ge atoms crystallize into germanene 
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at RT (Figure 6f). In contrast, annealing at 300–400 °C to RT yields Ag2Ge, while the residual Ge 

remains as 3D islands (Figure 6g). Thus, germanene formation via segregation in the 

Ag(111)/Ge(111) is insensitive to the initial substrate condition, ensuring high reproducibility. 

These observations underscore the importance of understanding the cooling process from 500 °C 

(Figures 6d, f), where dynamically site-exchanging Ge atoms form germanene. 

 

Figure 6. Schematic illustrations of Ge atom behavior depending on temperatures for (a) pristine, 

(b) sputtered, and (c) germanene substrates. (d, e) The conditions at HTs are illustrated for (d) site-

exchanging Ge atoms at 450–500 °C and (e) for those with 3D Ge islands at 300–400 °C. (f, g) 

After annealing, (f) germanene or (g) Ag2Ge with 3D Ge islands were observed at RT. The Ag 

thin film and Ge substrate are illustrated as grey and purple boxes, respectively. Ge atoms are 

depicted as purple balls. Ge atoms formed a 3D Ge island, shown as purple triangles. The 

germanene is shown in the ball-and-stick model. 
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Cooling experiments. Above, it was demonstrated that germanene forms on the Ag(111) surface 

from 500 °C to RT during cooling. To elucidate how cooling governs germanene formation, we 

performed in situ Raman spectroscopy and in situ XPS during cooling from 500 °C to RT, pausing 

at Tinterm for measurements. A schematic of the experimental procedure for Raman spectroscopy is 

shown in Figure 7a. Here, the sputtered substrate was used as a representative because the same 

temperature-dependent behavior was observed on the germanene substrate (Figure S5). Initially, 

the sample was annealed at 500 °C, followed by the cooling to Tinterm, at which Raman 

measurements were conducted. Subsequently, the sample was cooled to RT, and additional Raman 

measurements were performed at RT. 

During the cooling from 500 °C to Tinterm, Raman spectra showed no germanene at 400 °C, 

whereas germanene formed upon further cooling to 300–200 °C, as evidenced by characteristic 

peaks at 153–155 and 244–246 cm-1 (Figure 7b). The peak intensities were comparable to those 

after the cooling to RT (Figure 7c). Moreover, germanene peaks were observed at RT even in 

samples that had been Tinterm at 400 °C (Figure 7c). Thus, germanene formation is essentially 

complete during cooling from 400 to 300 °C (Figure 7d), consistent with our in situ LEED 

observations (Figure S6).  

The cooling experiment also gave information about the stability of germanene at HTs. At 

300 °C (a green trace in Figure 7b), the iTO phonon peak appeared at 244 cm-1, 10 cm-1 redshift 

from 254 cm-1 at RT. Suzuki et al. reported the iTO phonon peak shifting from 300 to 230 cm-1 for 

−2% (compressive) to +6% (tensile) strain7. Therefore, the 255 cm-1 peak at RT in this work 

indicates approximately 3% tensile strain in germanene on Ag(111). On the other hand, the peak 

position of 244 cm-1 at 300 °C implies approximately 4% tensile strain. This 1% increase in strain 

can be explained by the thermal-expansion mismatch between Ag(111) and germanene. 
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Specifically, while Ag(111) has a positive thermal expansion coefficient of 1.8 × 10-5 K-1 41, 

germanene is considered to exhibit a negative one of -2 × 10-6 K-1 42. As a result, the mismatch in 

lattice constants between Ag and germanene increases 0.5% with the temperature increase to 

300 °C, which is qualitatively consistent with the estimated tensile strain increase in Raman spectra. 

Moreover, this excessive tensile strain is likely to lead to the structural instability of germanene at 

400 °C. 

 

Figure 7. (a) Schematic of experimental procedure for cooling experiments. (b, c) Temperature 

dependence of Raman spectra after (b) cooling from 500 °C to Tinterm and (c) cooling from Tinterm 
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to RT. Other highlights are the same as in Figure 2. (d) Schematic of germanene formation during 

cooling from 500 to 300 °C. 

Figure 8a presents a schematic of the in situ XPS measurements during cooling. Since HT 

annealing at 500 °C yields the same state across the three substrates, we use the sputtered substrate 

as a representative. After annealing at 500 °C for 10 minutes, the sample was cooled to the 

designated Tinterm of 200, 250, and 300 °C, and XPS measurements were performed at the Tinterm. 

The sample was then further cooled to RT, followed by XPS measurements at RT. Figures 8b, c 

show the Ge 3d XPS spectra obtained at the Tinterm and RT, respectively. After the cooling to Tinterm 

(Figure 8b), an increase in the Ge 3d peak intensity was observed, indicating the segregation of Ge 

atoms. Following the cooling to RT, the Ge 3d peak intensity remained almost unchanged 

compared to the Tinterm at 200–300 °C (Figures 8b, c), indicating that 300 °C essentially completed 

Ge segregation. The green plots in Figures 8d, e show the results of the peak-fitting analysis for 

the cooling experiments. Note that the red plots indicate the results of annealing experiments on 

the germanene substrate for comparison. In Figure 8d, the Ge amount increased during cooling 

from 500 to 300 °C (green plots), reaching Ge/Ag ~0.5, corresponding to more than 1 ML of Ge. 

Upon decreasing the Tinterm from 300 °C to RT, a slight increase in Ge/Ag was observed. As shown 

in Figure 8e, the cooling to RT also results in only a slight increase in the Ge amount from 300 °C 

to RT. Thus, Ge/Ag reaches ~0.5 at 300 °C by cooling and changes only slightly on further cooling 

to RT. In contrast, when germanene samples were annealed (red plots in Figure 8d) between 200 

and 250 °C, the Ge/Ag ratio decreased markedly, reaching ~0.3 at 300 °C.  

Despite both cases reaching 300 °C, the heating and cooling experiments revealed that samples 

cooled from 500 to 300 °C yielded a higher Ge content (Figure 8) and formed germanene (Figure 

7). In contrast, those heated from RT to 300 °C showed lower Ge amounts (Figures 3, 4) and 
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formed 3D Ge islands (Figure 2). The differing surface phases at 300 °C indicate strong path 

dependence, suggesting that surface structure formation is governed by the kinetics of Ge 

segregation rather than thermodynamic equilibrium. The kinetics of Ge segregation will be 

analyzed in the Discussion section.   

Figures 8f, g present the results of the chemical state analysis by peak position. After the cooling 

to Tinterm, the Ge 3d5/2 peaks shifted to 29.00–29.05 eV, as shown by the green plots in Figure 8f. 

This peak position indicates that Ge formed germanene at 300 °C, consistent with the results shown 

in Figure 7. As shown in the peak positions in Figure 8g, these samples retained the germanene 

structure after cooling to RT. In contrast, heating the germanene sample from RT to 300 °C (red 

plots in Figure 8f) led to a surface state of site-exchanging Ge atoms, which transformed into 

Ag2Ge at RT (Figure 8g). Hence, the chemical state of Ge at 300 °C depends on whether the 

temperature is approached by cooling or heating. 

The contrasting behavior between heating and cooling was also interpreted as a temperature-

hysteresis characteristic of germanene formation and deformation. Germanene disappeared during 

annealing at 200–250 °C (Figures 2d, e and 4c, d) and reformed during cooling from 500 °C to 

300–400 °C (Figures 7b, c and 8f, g), resulting in a temperature hysteresis of approximately 50–

100 °C. This behavior contrasts with graphene segregation on Ni, where the equilibrium transition 

width is only about 15 °C 43. Furthermore, in typical hysteresis associated with equilibrium 

transitions, the transition temperature during cooling is lower than that during heating43. In this 

study, however, the phase transition occurred at a higher temperature during cooling (between 300 

and 400 °C) than during heating (between 200 and 250 °C). This reversed hysteresis may reflect 

the influence of kinetic constraints, such as the slow diffusion of Ge through the Ag thin film. 
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Figure 8. (a) Schematic of experimental procedure for cooling experiments. (b, c) Temperature 

dependence of XPS Ge 3d spectra after (b) cooling from 500 °C to Tinterm and (c) cooling from 

Tinterm to RT. (d, e) Ge/Ag and Ge 3d peak position analyses. In (d, e), data for the sputtered 

substrate during cooling experiments and for germanene substrates during annealing experiments 

are shown in green and red plots, respectively. Only the primary component (filled red) is depicted 

for simplicity. Other highlights are the same as in Figures 3, 4. 

 

DISCUSSION 

Temperature-dependent diffusion analysis. To elucidate the mechanism of germanene 

formation, we focus on the diffusion of Ge atoms through the Ag thin film. As discussed in Figure 

4c, Ge chemical states at HTs (300–500 °C) are similar for the sputtered and germanene substrates. 

In contrast, the pristine substrate shows a different state up to 400 °C, even after 10 minutes of 

annealing. This difference indicates that the Ge diffusion through the 150-nm-thick Ag film is a 

slower, minute-scale process compared to the germanene formation of μm-size in a second-scale10.  

Therefore, we suggest that the kinetic bottleneck in germanene formation is the Ge supply from 

the Ag thin film to the surface. 

To better understand the temperature-dependent behavior of Ge, we calculated the one-

dimensional diffusion of Ge atoms in Ag. It follows the relation D = D0 exp(−Ea/kBT), where D is 

the interdiffusion coefficient of Ge in Ag, D0 is the pre-exponential factor, Ea is the activation 

energy for Ge diffusion in bulk Ag, kB  is the Boltzmann constant, and T is the temperature. 

According to the literature, D0 and Ea have been reported as 8.4 × 10-6 m2/s and 1.583 eV/atom, 

respectively44. Table 1 presents the temperature dependence of D and Ge diffusion length λ = √(Dt) 
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in Ag, where t is time. Here, t was taken as 600 seconds, corresponding to the annealing duration 

in our experiments (10 minutes). Based on λ, we discuss the temperature-dependent experimental 

observations. 

Table 1. Temperature dependence of diffusion constant and diffusion length. 

 

Ge atom dynamics and growth model of germanene. We first consider the dynamics of Ge 

atoms during cooling from 500 to 300 °C, during which germanene forms. At 500 °C, the Ag thin 

film is saturated with Ge, and mobile Ge atoms are present on the Ag surface (bottom of Figure 

9). This saturated state at 500 °C serves as the starting point for discussing the subsequent cooling 

process. During cooling from 500 to 400 °C, the solubility of Ge in Ag decreases, and Ge atoms 

become less stable within the Ag lattice, leading to a net Ge flux in the Ag film directed toward 

both the surface and the Ge(111) substrate. In this temperature range, however, λ is still longer 

than the Ag film thickness, allowing Ge atoms to continue diffusing toward the thermodynamically 

favored Ge(111) substrate rather than the surface.  

By contrast, upon further cooling to 300 °C (thick green arrow in Figure 9), the solubility of Ge 

in Ag further decreases, and λ becomes shorter than the Ag film thickness. Under these conditions, 

Ge atoms can no longer diffuse throughout the entire Ag layer to reach the Ge(111) substrate, as 

they do at 500 °C (purple arrow); instead, they segregate at the surface, increasing the surface Ge 

concentration. For the Ag(111) of 150 nm used in our experiments, the approximately 2% decrease 



 27 

in Ge solubility from 400 to 300 °C would supply enough Ge to form up to six germanene layers. 

However, the XPS results show that only one germanene layer actually forms, and subsequent 

multilayer formation was suppressed. This observation suggests the presence of a self-limiting 

mechanism during germanene growth. 

Such results indicate that, once a monolayer of germanene forms on Ag(111), it becomes 

kinetically stabilized against further segregation. Such stabilization likely occurs when the Ag film 

is saturated with Ge and the surface Ge concentration is high, which energetically favors the 

formation of a two-dimensional germanene layer over the growth of 3D Ge islands. Indeed, density 

functional theory calculations have shown that the formation of the germanene lattice is more 

favorable with increasing Ge coverage on Ag(111)45, implying that a high surface concentration 

of Ge promotes the metastable stabilization of monolayer germanene. When the germanene phase 

is stabilized and covers the entire surface, it is less likely for Ge in Ag to penetrate through the 

germanene and segregate more, thereby suppressing multilayer formation.  This self-limiting 

behavior is insensitive to the specific annealing profile or the Tinterm during cooling, suggesting that 

it is an intrinsic feature of germanene formation via segregation. Note that because λ decreases 

exponentially with decreasing temperature, it becomes shorter than the film thickness around 300–

400 °C for typical Ag(111) film thicknesses (50–300 nm) used in experiments. Thus, the 

germanene formation temperature is almost independent of the Ag(111) film thickness.  

In addition to the cooling process, the behavior of Ge during annealing can also be rationalized 

within the same framework of temperature-dependent solubility and diffusion length (see also 

Supplementary Discussion for details). As the temperature of germanene (thick red arrow from 

top-right in Figure 9) increases, the solubility of Ge in Ag rises, and Ge atoms become 

thermodynamically less stable on the Ag surface. This drives a net flux of Ge atoms from the 
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Ag(111) surface into the Ag thin film. At the beginning of annealing, when the temperature is still 

low, such as 300 °C, λ is shorter than the Ag film thickness, and Ge atoms remain localized near 

their initial states. As the temperature increases to 500 °C, however, λ exceeds the film thickness, 

enabling Ge atoms to freely diffuse throughout the entire Ag layer. Consequently, the Ag thin film 

becomes saturated with Ge at 500 °C, as illustrated at the bottom of Figure 9. 

Thus, the temperature-dependent solubility of Ge in the Ag thin film drives the Ge diffusion, 

while the direction of net Ge flux reverses for heating and cooling. During heating, the increase in 

Ge solubility in Ag drives Ge atoms from both the surface and the Ge(111) substrate into the Ag 

thin film, leading to the saturation of the Ag layer with Ge at high temperatures. During cooling, 

Ge atoms diffuse out of the Ag film due to the limited solubility, leading to a surface Ge 

concentration exceeding the equilibrium value and favoring the formation of metastable 

germanene. A sufficient λ is required to supply Ge from the Ag thin film. Consequently, cooling 

from 500 °C yields germanene, whereas cooling from 300 °C provides insufficient Ge supply and 

yields Ag2Ge (see also Supplementary Discussion for details). Therefore, germanene growth via 

segregation is governed by the Ge-Ag solubility and diffusion length, which together determine 

the conditions for reproducible, monolayer-selective formation. 
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Figure 9. (a) Systematic diagram of surface states achievable by annealing-cooling processes in 

the Ge segregation system on Ag(111)/Ge(111). The diagram illustrates the states of Ge atoms in 

and on the Ag thin film at RT, 300, and 500 °C, as well as the transitions between these states. 

Grey Ag thin films are deposited on purple Ge(111) substrates. Ge atoms forming 3D Ge islands, 

germanene, site-exchanging Ge atoms, and dissolved Ge in Ag are depicted as purple triangles, 

ball-and-stick models, balls on Ag, and balls in Ag, respectively. Thin purple arrows indicate the 

behavior of Ge atoms at each temperature, representing site exchange on the surface above 300 °C 

and overall equilibrium in the system at 500 °C. Thick arrows in red, blue, and green indicate 

heating, cooling from 300 °C, and cooling from 500 °C, respectively. Thin arrows of the same 
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colors represent the corresponding diffusion direction and relative diffusion length of Ge atoms. 

(b) Schematic illustration of germanene formation via deposition method. 

Comparison with other systems. Finally, we would like to compare our growth model with 

other systems. We found that the Ge-enriched surface observed during cooling can be attributed 

to the long λ at HTs. This is likely due to the high eutectic temperature of the Ge–Ag system 

(~600 °C), which keeps the system solid and allows extensive diffusion before melting would 

otherwise occur. By the same reasoning, Ge–Cu, Sn–Au, Sn–Cu, and Pb-Pd systems are promising 

candidates for segregation growth of monolayer germanene, stanene, and plumbene, because these 

systems have high eutectic temperatures and monolayer formation has been reported on the 

corresponding metal substrates using deposition methods16,46–48. 

Next, we discuss the differences between the Ge deposition and segregation. During Ge 

deposition on Ag(111) single-crystal substrates (Figure 9b), the typical growth temperature for 

germanene formation is capped at approximately 200 °C because Ge diffuses rapidly into the bulk 

Ag at higher temperatures, depleting the surface Ge concentration. The deposition rate and 

temperature must be precisely controlled to grow the metastable germanene while avoiding 

reaching thermal equilibrium. In Ge deposition on an Ag(111) single-crystal substrate, the Ag 

beneath the germanene remains unsaturated with Ge at the growth temperature, often resulting in 

insufficient surface Ge supply, consistent with the reported Ge vacancies substituted by Ag9.  

In contrast, the present study demonstrated that germanene can be stably maintained by cooling 

from 500 to 300 °C via the Ge segregation on Ag(111). This enables post-growth chemical 

treatments and device-oriented processing at temperatures of up to 300 °C, which is higher than 

the temperature achievable with the Ge deposition method. For example, surface functionalization 
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to prevent the oxidation of germanene can be carried out under thermally activated conditions. By 

analogy with Au intercalation at the graphene and Ni interface49, intercalation of foreign atoms at 

the germanene-Ag interface near 300 °C may also facilitate delamination of germanene from the 

Ag(111) surface. Thus, segregation-based growth not only improves reproducibility and 

monolayer selectivity but also opens practical routes to advancing germanene chemistry and 

device integration. 

 

CONCLUSIONS 

In summary, we investigated the growth process of germanene using the Ge-segregation method, 

employing in situ Raman spectroscopy and XPS. We observed that 3D Ge islands form at 300 °C 

and disappear at 500 °C. We revealed that site-exchanging Ge atoms appear at 500 °C and they 

are important for germanene formation upon subsequent cooling. The temperature-dependent Ge 

diffusion length and solubility in Ag were identified as key parameters for germanene formation, 

thereby ensuring experimental reproducibility. Particularly, the intrinsic stability of monolayer 

germanene, achieved via the Ge segregation method, is confirmed. This kinetic pathway, distinct 

from the deposition method, enables the formation of uniform, thermally stable germanene without 

requiring precise process control. We expect our findings to apply to the growth of 2D materials 

other than germanene via the segregation method. The insights obtained here not only clarify the 

growth mechanism but also provide a platform for surface chemical treatments and potential 

delamination strategies, expanding the applicability of germanene in device integration and HT 

surface chemistry. 
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