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Chapter 5. Transport properties of 

multi-layer germanane 

 

 

Abstract 

The studies of MoS2 presented in previous chapters revealed the typical 

electronic properties of semiconducting two-dimensional (2D) transition metal 

dichalcogenides (TMDs). Compared to widely studied graphene and TMDs, other 

new 2D materials are much less explored. Among them, 2D hexagonal structures 

composed of silicon or germanium are very important candidates for future 

transistors because they are highly compatible with current silicon- or germanium-

based electronic devices. In this chapter, we study hydrogen-terminated multilayer 

germanene, known as germanane (GeH). GeH is a layered material that has a 

lattice structure similar to graphite. GeH is semiconducting with a direct band gap 

about 1.6 eV. Since the Fermi level lies inside the band gap, pristine GeH flakes 

show zero conductivity. After annealing in Ar atmosphere, the conductivity is 

greatly improved, and the enhancement is found to be positively related to the 

annealing temperature. After low temperature annealing, GeH shows p-type 

transistor characteristics with an on/off ratio higher than 30. A highly conductive 

state can be obtained by high temperature annealing. Raman spectra suggest that 

the layered structure is preserved after annealing, the huge conductivity 

enhancement is due to the dehydrogenation. After annealing, hydrogen atoms 

escape from the lattice hence germanane becomes multilayer germanene. In 

addition, strong spin-orbit interaction is confirmed by the observation of weak 

antilocalization in the magnetoresistance measurement. The experimental 

observations of the insulator-metal transition and spin-orbit coupling in GeH pave 

the way to a better understanding and potential application of this novel 2D 

material.  

 

 

 

In preparation  

“Metal-insulator transition and strong spin-orbit interaction in annealed germanane” 

Q.H. Chen, J.M. Lu, L. Liang and J.T. Ye  
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5.1 Introduction 

Currently, silicon-based transistors are the most important building blocks in 

integrated circuits, and transistors of even smaller sizes are in demand in order to 

make portable and powerful electronic devices. The scaling of silicon-based 

transistors will eventually fail due to direct source-to-drain tunneling and loss of 

gate electrostatic control on the channels [1,2]. To overcome these difficulties, the 

exploration of new channel materials has attracted tremendous interest. Since the 

discovery of graphene [3], two-dimensional (2D) materials are regarded as one of 

the most promising candidates for replacing silicon. Although graphene shows 

exceptional physical properties, the lack of native band gap limits its application in 

electronic devices. Many other 2D materials, represented by transition metal 

dichalcogenides (TMDs), are semiconducting hence are suitable for making high-

performance transistors. TMDs are a large family of layered compounds that have 

crystal structures similar to graphite. Bulk TMDs are stacked by monolayers with 

weak interlayer interaction, and can be easily exfoliated into uniformly thin flakes 

using the simple scotch tape method. As mentioned in previous chapters, MoS2 is 

one of the most widely studied 2D materials besides graphene. MoS2 has an 

indirect band gap of 1.2 eV in bulk and a direct band gap of 1.9 eV in monolayer, 

showing great potential for applications in high-speed electronics, optoelectronics 

and sensors. Very recently a MoS2 transistor with a 1-nm gate length has been 

reported, in which a single-walled carbon nanotube is used as the gate 

electrodes [4].  

While research on TMDs is still being carried out, the exploration of new 2D 

structures is desirable to enrich the present study. 2D monolayer materials 

composed of other group IV elements such as silicene [5,6] and germanene [7] are 

very attractive because they are highly compatible with current silicon- and 

germanium-based transistors, so their fabrication and integration will benefit from 

the well-developed silicon technology. The structures of silicene and germanene 

are similar to graphene, but the hexagonal lattice is periodically buckled instead of 

being flat. Regarding the electronic properties, silicene has been reported to be 

almost equivalent to graphene from both theoretical calculations [8–10] and 

experimental observations [5,6,11,12]. That is, the band structure exhibits a 

crossing at the K/K’ points of the Brillouin zone with a linear energy dispersion 

near the crossing, and the charge carriers behave like massless Dirac fermions. A 

single-layer silicene field effect transistor has been reported [13], showing 

ambipolar transistor operation characteristics but the on/off ratio is low. 

Compared with graphene and silicene, germanene possesses slightly different band 

structure, in which higher conductivity is predicted by ab initio calculations. 

However, there are two disadvantages to silicene and germanene: (1) there is no 
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intrinsic gap in the band structure and (2) they are not stable when exposed to 

ambient conditions.  

To improve the stability, hydrogen termination on both sides of the 2D film is 

introduced. Similar to the formation of hydrogen-terminated graphane [14], 

germanane (GeH) is created by adding covalently bonded hydrogen atoms on both 

sides of germanene. The pz orbitals of the Ge atoms are occupied by the covalent 

bonding to the H atoms. A large band gap opens at the K/K’ points of the Brillouin 

zone, and the electron transport from the contribution of the pz orbitals is 

significantly suppressed. Instead, a conduction band derived from the s-orbitals 

and a valence band derived from the px and py orbitals near the Γ point determine 

the transport properties [15]. The electron mobility is predicted to be as high as 

18000 cm2V-1s-1, which is five times higher than that of bulk germanium and ten 

times higher than that of silicon. Theoretical calculations using the LDA method 

predict that the energy gap of GeH is about 1.5 eV and that it is a direct band 

gap [16,17]. Considering that the LDA method normally underestimates the gap 

size, it is expected that the correct value is close to 3 eV [17–20]. The large band 

gap, high mobility and low dimensionality make GeH very promising for making 

short-channel field effect transistors. Furthermore, since the σ bond (composed of 

px and py orbitals) that dominates the electron transport has a stronger spin-orbit 

coupling (SOC) than the original π bond (composed of pz orbitals), a non-trivial 

spin-orbit gap is expected in the band structure which is in the order of ~ 0.2 eV. 

Combined with the large direct band gap nature, the traditional spin-selective 

optical process is also expected to be present in germanane, providing an attractive 

potential for optoelectronic applications in the blue/violet spectral range.  

Despite the interesting properties germanane has shown, the number of 

publications regarding its electrical transport properties is very limited [21,22]. As 

an extension of the quantum transport study in 2D materials, as well as to search 

for new device applications, we fabricated field effect transistors based on thin 

germanane flakes and measured the transport properties at low temperatures and 

under magnetic fields. Pristine germanane shows zero conductivity, consistent 

with the large band gap predicted by theoretical calculations. Upon annealing in an 

Argon atmosphere, insulator to metal transition is observed. Previous reports have 

argued that the structure gradually becomes amorphous and hydrogen atoms 

escape from the lattice during heating [23]. In our measurements, however, no 

significant change of the Raman signal is detected after annealing, which suggests 

that the structure is preserved during the heating process. Hence the metallic 

behavior is very likely to be associated with the dehydrogenation, leaving behind 

the multilayer germanene crystal structure, which is highly conductive according to 

previous reports [9]. At the base temperature T = 2 K, clear evidence for strong 

spin-orbit coupling is observed, manifesting as weak antilocalizaton. These 
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preliminary explorations open new opportunities for quantum and spin transport 

studies of GeH for both basic research and device applications.  

5.2. Structure and characterization  

The bulk GeH crystals were synthesized by our collaborators, following the 

recently developed method [23]. In this method, large-scale multilayer germanane 

is synthesized by topochemical deintercalation from the CaGe2 precursor, where 

CaGe2 was prepared by the reaction of high purity germanium (Ge) and calcium 

(Ca) in vacuum at high temperatures. Following an ion-exchange process between 

CaGe2 and HCl, Ca atoms in CaGe2 are substituted by H atoms. This step can be 

described by the following chemical equation: 

CaGe2 + HCl → GeH + CaCl2 

By this method, millimeter-sized crystallites and gram-scale multilayer GeH 

flakes are obtained. It has been proven that the synthesized germanane is resistive 

to oxygen and thermally stable at ambient conditions. 

The lattice structure of GeH is shown in Figure 5.1. From the top view (Figure 

5.1(a)), germanium atoms form a honeycomb lattice similar to graphene. Instead of 

being flat, however, they have a buckled structure, as seen in the side view (Figure 

5.1(b)). Each germanium atom is bonded with three other germanium atoms in the 

ab-plane and one hydrogen atom in the c-direction for sp3 hybridization. Lattice 

constants are a = 3.880 Å and c = 11.04 Å, with an interlayer distance of 5.5 Å.  

With hydrogen termination, GeH becomes stable in air.   

 

Figure 5.1 Top (a) and side (b) view of monolayer germanane. Red spheres represent Ge atoms 

and black spheres represent H atoms.  

Prior to transport measurement, we performed optical microscopy, atomic 

force microscopy (AFM) and Raman spectroscopy to characterize the GeH crystal. 

Figure 5.2(a) shows the as-grown GeH crystals, which were synthesized by 
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topochemical deintercalation from the CaGe2 precursor. The dimensions of the 

flakes are typically ~1 mm in diameter and ~200 μm in thickness.  

 

Figure 5.2 (a) Synthesized bulk GeH crystals, black flakes with typical dimensions of ~1 mm. 

The diameter of the glass bottle is ~1 cm. (b) Optical image of a thin GeH flake exfoliated on a 

silicon wafer with 300 nm SiO2. Scale bar: 2 μm.  

Similar to other layered materials, bulk GeH is held together by a weak van der 

Waals force, which means it can be mechanically exfoliated into thin flakes. For the 

exfoliation process, GeH crystals were first thinned down by peeling with scotch 

tape. After repeating this step a few times, the sticky side of the scotch tape with 

GeH flakes was pressed onto a silicon wafer with 300 nm SiO2, and then the tape 

was slowly peeled off. Thin GeH flakes were randomly deposited on the silicon 

wafer. Optical microscope and AFM were used to select uniform and thin flakes. 

Figure 5.2(b) shows a typical optical image of the exfoliated thin GeH flakes. In 

terms of convenience for processing, we chose flakes with thicknesses in the range 

of 20-50 nm for device fabrication and electrical measurements.  

Raman spectroscopy is a very useful tool to study the structure of 2D 

materials [24,25]. We have characterized the thin GeH flakes using micro-Raman 

spectroscopy, Figure 5.3 shows the typical spectra. The main peak appears at ~300 

cm-1 (inset of Figure 5.3), which corresponds to the E2 mode of Ge-Ge vibration in 

the ab-plane direction [23]. It is slightly blue-shifted but very close to the Ge-Ge 

stretching mode of crystalline germanium at 297 cm-1, which suggests that the light 

H atoms have a negligible influence on the vibration mode of Ge-Ge. It has been 

reported that the peak position of the Ge-Ge stretching mode is greatly influenced 

by stress, with the application of high pressure, this vibrational peak shifts to a 

higher frequency [26]. The vibration mode of silicon at 520 cm-1 is also observed, 

due to the scattering of laser light. It should be noted that in the range of 300 to 

800 cm-1 there is a broad band background. A similar feature has also been found 
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in the previous report [23], but it is weaker compared to our observation. The 

reason is not clear at this moment, further study is needed to make a concrete 

conclusion.  

 

Figure 5.3 Experimental Raman spectra of GeH measured in ambient conditions. The inset 

shows the magnification of the featured peak around 300 cm-1, corresponding to the E2 

vibration mode of the Ge-Ge.  

5.3 Electrical transport 

After the characterization of GeH, thin flakes with thicknesses of 20-50 nm 

were selected to fabricate the FET device. We used the traditional electron beam 

lithography method to pattern Hall bar geometry, and electrodes composed of 5 

nm Ti and 65 nm Au were deposited by a thermal evaporator. To exclude any 

thermal decomposition of GeH, high temperature treatments were avoided during 

the fabrication process. Figure 5.4(a) shows the optical image of the measured 

device. Transfer curves were obtained by applying a constant AC voltage across the 

source-drain electrode and measuring the current that flows through the channel, 

using a standard lock-in amplifier (Stanford Research SR830). Two other lock-in 

amplifiers were used to measure the voltage drop across the channel. Gate voltages 

were set by a DC source meter (Keithley 2450).  

As expected, the as-prepared device shows no electrical conductivity (below the 

detection limit of our setup). When the back gate voltage is applied through 300 

nm SiO2, no significant change in the source-drain current is observed until 50V, 

as shown in Figure 5.4(b). Similar behavior is observed with ionic gating, even 

though it provides a much stronger gating effect, as shown in Figure 5.4(c). This 

result is reasonable since pristine GeH has a large band gap, it is a good insulator. 
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It should be noted that although the device is in an off state, there is a finite 

current contributed by the capacitance in the circuit due to the AC measurement. 

This is evidenced by the 90-degree phase of the lock-in amplifier during the 

measurement. The difference between Figure 5.4 (b) and (c) is due to the different 

applied source-drain voltages. 

 

Figure 5.4 (a) Optical image of the as-prepared GeH FET device with Hall bar geometry. Scale 

bar: 2 μm. (b) Transfer curve by SiO2 back gate with VDS = 0.3 V. (c) Transfer curve by ionic 

gating (DEME-TFSI) with VDS = 0.1 V. Temperature is maintained at T = 220 K.  

Annealing was tested to improve the electrical conductivity. The GeH device 

was sealed in a quartz tube with flowing argon gas. The temperature was ramped 

up to the target within 1-2 hours and kept for 12 hours before naturally cooling 

down. The Ar flow rate was maintained at 100 sccm for the whole process. 

Different heating temperatures were tested, and the results are categorized in three 

representative regimes. 

5.3.1  Low annealing temperature, ~ 170 °C 

Figure 5.5 shows the electrical characteristics of the device after annealing at 

170 °C. Before annealing, the device behaved the same as that shown in Figure 5.4, 

namely, totally insulating that cannot be gated by either solid or ionic gating. After 

annealing, the sample became conductive. Furthermore, the conductivity of the 

channel can be tuned by the back gate like a normal transistor, with the ratio 

between high and low conductivity higher than 5. The FET operation shows a p-

type semiconductor behavior, which means accumulating holes by the negative 

gate voltage leads to an increase in conductivity. Correspondingly, the positive gate 

reduces the conductivity. The temperature dependence of the conductivity is 

shown in Figure 5.5(b). The sample shows insulating behavior for all back gate 

voltages, where conductivity decreases as the temperature goes down. 
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Figure 5.5 (a) Conductance of the GeH channel as a function of back gate voltage at T = 300 K 

and VDS = 0.1 V. A p-type transistor operation is observed and the ratio between high and low 

conductance is 5. The inset shows the optical image of the measured device. (b) Temperature 

dependence of the conductance for different back gate voltages.  

Since ionic gating has a much stronger gating effect, we also performed a test 

for it on this sample. The ionic gating was conducted at T = 220 K, consistent with 

previous measurements. As shown in Figure 5.6, a consistent p-type transistor 

behavior is observed with a current on/off ratio of ~20. Overall, the conductivity of 

the sample after annealing at 170 °C is still very low.  

 

Figure 5.6 Source-drain current as a function of the ionic liquid gate voltage at T = 220 K, with 

VDS = 0.3 V. A p-type transistor operation is observed similar to back gating. The on/off ratio 

between high and low current is about 20. 
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5.3.2 Intermediate annealing temperature, ~190 °C 

 

Figure 5.7 (a) Transfer curve by ionic gating at T = 220 K with VDS = 4 mV. The black curve 

corresponds to the source-drain current (left axis), while the red curve corresponds to the four-

probe channel resistance (right axis). Inset: optical image of the measured device. (b) 

Conductance as a function of the back gate voltage for temperatures at 170, 150 and 80 K, from 

top to bottom. On/off ratio between high and low conductance is higher than 30. Ionic gate 

voltage was fixed at VLG = 6 V during cooling down. From the linear fitting, hole mobility is 

determined as 24 cm2V-1s-1. (c) and (d) are the same set of data showing the temperature 

dependence of the channel resistance and conductance, respectively, for different back gate 

voltages.  

With the annealing temperature increased to 190 °C, a significant increase in 

the conductivity can be seen from the transfer curve by ionic gating, as displayed in 

Figure 5.7(a). Both the source-drain current and channel resistance change by a 

factor of five with liquid gate voltage varying from -6 to 6 V. The behavior of the 

current and resistance are inversely related with each other, suggesting that the 

contact resistance is very small hence the change in the source-drain current is 

dominated by the change in the channel resistance. The EDLT operation shows p-
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type semiconductor behavior, in line with the previous device annealed at a lower 

temperature.  

The ionic gate voltage was fixed at VLG = 6 V, and the sample was cooled to 

below 180 K, where the liquid is frozen and ions cannot move. Figure 5.7(b) shows 

the transfer curves by the back gate at different temperatures. Consistent with the 

ionic gating, the conduction is also dominated by holes. Therefore, adding 

electrons to the system leads to a decrease in conductivity. The mobility can be 

roughly estimated from the geometric capacitance with 𝜇FET =
1

𝐶g

d𝜎

d𝑉g
 , where 𝜎 is 

the conductivity and Cg is the gate capacitance per unit area. Here for 300 nm SiO2, 

𝐶g = 11 nF/cm2. By the linear fitting of the gate dependence of conductivity, the 

extracted FET mobility is 24 cm2V-1s-1 at T = 170 K. The temperature dependence 

of the conductivity of this sample state is shown in Figure 5.7(d). The sample still 

behaves like an insulator because dG/dT > 0, but the overall conductivity is higher 

than the sample annealed at 170 °C, showing a positive correlation between 

conductivity and heating temperature.   

 5.3.3 High annealing temperature ~ 210 °C 

 

Figure 5.8 (a) Temperature dependence of the resistance for two different devices after 

annealing at ~210 °C. (b) Source-drain current (black curve, left axis) and channel resistance 

(red curve, right axis) as a function of back gate voltage, at T = 10 K and VDS = 1 mV, 

corresponding to the lower curve shown in panel (a). The inset shows the optical image of the 

measured device. (c) Source-drain current (black curve, left axis) and channel resistance (red 

curve, right axis) as a function of ionic gate voltage, at T = 220 K and VDS = 4 mV. 

Given the previous positive correlation between conductivity and heating 

temperature, the annealing temperature was further raised to ~ 210 °C. The results 

are shown in Figure 5.8. As expected, the conductivity increases in a huge amount. 

Contrary to the previous insulating state, a metallic behavior is observed (Figure 

5.8(a)). However, the conductivity can no longer be easily tuned by the field effect. 
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The back gate has no influence on the source-drain current or channel resistance 

(Figure 5.8(b)). While stronger ionic gating can change the conductivity a little, the 

gating effect is also very weak, as shown in Figure 5.8(c). The annealed GeH 

behaves similarly to a piece of metal.   

5.3.4 Discussion 

  As a summary of the previous results, we plot the temperature dependence of 

the resistance for samples annealed at different temperatures in Figure 5.9. Clear 

insulator to metal transition is observed, providing strong evidence for the positive 

correlation between the conductivity and annealing temperature. 

 

Figure 5.9 Temperature dependence of the channel resistance after annealing at different 

temperature ranges. The top two dashed circles represent two devices annealed at the 

respective temperatures. Different curves in each circle are measured with different back gate 

voltages. The curves highlighted by the bottom circle are data from three different devices after 

annealing at 210 °C. GeH remains insulating with annealing temperatures of 170 and 190 °C, 

whereas a metallic state is observed when the annealing temperature is raised to 210 °C.  

It is surprising that highly conductive states can be obtained in GeH through 

annealing in an inert gas atmosphere. Since GeH possesses a large band gap, it is 

unlikely that GeH itself can be tuned to a metallic state. Previous studies of its 

thermal properties [23,27] showed that GeH starts to amorphize above 75 °C, 

evidenced by a significant change in the absorption spectra. From the XRD pattern, 

however, no obvious change occurs until 150 °C; above 150 °C, the peak for the 002 
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plane disappears, corresponding to the completion of the amorphization. From the 

Raman spectra, the peak at 300 cm-1 corresponding to the Ge-Ge vibrational mode 

also disappears. In the thermogravimetric analysis (TGA), a mass loss of 1.1% is 

observed between 200-250 °C, which is attributed to the loss of hydrogen.  

In our experiment, however, a different behavior is observed. In the Raman 

spectra before and after the annealing as shown in Figure 5.10, the Ge-Ge 

vibrational mode at 300 cm-1 always exists. This is reasonable because the Ge-Ge 

vibrational mode should exist in any allotropes of Ge, such as GeH, amorphous or 

crystalline germanium. For pure or hydrogenated amorphous germanium [28–30], 

the vibrational mode of Ge-Ge is around 270 cm-1 and it is very broad, with a 

FWHM of about 50 cm-1. In our spectra after annealing, the peak at 300 cm-1 

becomes slightly blue-shifted and narrower compared to that before annealing, the 

FWHM is about 10 cm-1. It is therefore unlikely that the sample becomes 

amorphous due to annealing. Rather, the narrower peak may indicate a better 

crystal structure after annealing. Furthermore, the broad background between 300 

and 800 cm-1 disappears after heating, which is not fully understood at this 

moment; further study is needed to understand this behavior. Therefore, the 

layered structure of GeH is expected to be preserved during the annealing. Since 

the crystal structure did not change, the significant increase in conductivity 

observed is very likely to be associated with the dehydrogenation. Upon heating, 

hydrogen atoms escape from the lattice, leaving behind the germanene multi-layer 

structure. The germanene multi-layer has a very similar structure to bulk graphite, 

the conductivity is predicted to be very high.  

 

Figure 5.10 Comparison of the Raman spectra before (black curve) and after (red curve) 

annealing. Inset: blowup of the region for the Ge-Ge vibration mode. While the main features 

are preserved in the spectra, the broad background between 300 and 800 cm-1 disappears after 

annealing.  
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From the electrical transport measurement, we are able to calculate the 

resistivity of the GeH after annealing. The most conductive sample shows a 

resistance of ~ 3 Ω at room temperature, with channel dimensions of 1.2 μm 

(length) × 2.5 μm (width) × 40 nm (thickness). The calculated resistivity is 4×10-7 

Ω·m. Table 5.1 lists the room-temperature resistivity for different materials that 

are related to our analysis. For bulk crystalline and amorphous germanium, the 

resistivity at room temperature is relatively high, and the temperature 

dependences are dominated by the semiconducting gap and variable range 

hopping, respectively. Resistivity increases significantly with the decrease in 

temperature [31–34]. Combined with Raman data, these two different structures 

composed of Ge are clearly not viable candidates. Quasi-metallic behavior can be 

obtained in highly doped germanium [35], but the minimum reported resistivity is 

~5×10-5 Ω·m corresponding to a very high doping level, which is more than two 

orders of magnitude higher than the annealed GeH. Combined with the Raman 

spectra, it is less likely that the layered structure changes to the bulk germanium 

structure at this heating temperature. Multi-layered germanene remains the most 

reasonable candidate. This conclusion can be further supported by comparing it 

with graphite: annealed GeH is even more conductive than graphite, and the 

resistivity is higher than monolayer graphene. Multilayer germanene can clearly 

reach such high conductivity, which is in line with the theoretical calculations. 

 

Table 5.1 Resistivity for different materials at room temperature. Any allotropes of Ge can be 

excluded due to the large resistivity compared with annealed GeH.  

5.4 Strong spin-orbit interaction in annealed GeH  

Theory predicts that both germanene and germanane have strong spin-orbit 

interaction [15,36,37], which is attractive for potential applications in spin-

selective optoelectronics. At low temperatures, we measure the magnetoresistance 

(MR) with the perpendicular magnetic fields. Clear weak antilocalization (WAL) is 

observed, manifesting as a characteristic sharp MR dip at B = 0 T, as shown in 
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Figure 5.11(a). WAL provides strong evidence for strong spin-orbit interaction (SOI) 

in our device.  

According to the 2D localization theory [34–36], by assuming that the elastic 

and spin-orbit scattering time are much shorter than inelastic scattering time, the 

magnetoconductivity (MC) can be described by the following equation: 

∆𝜎2D = 𝜎2D(𝐵) − 𝜎2D(0) = −
𝛼𝑒2

2𝜋2ℏ
[ln

ℏ

4𝐵𝑒𝑙Φ
2 − ψ (

1

2
+

ℏ

4𝐵𝑒𝑙Φ
2 )] 

where ℏ is the reduced Planck constant, e is the charge of electron, ψ(𝑥) is the 

digamma function and 𝑙Φ is the phase coherence length. 𝛼 is a fitting parameter 

equal to 1, 0 and -1/2 for the orthogonal, unitary and symplectic cases, 

respectively [38,41]. The MC at T = 2.5 K is plotted in Figure 5.11(b), and the solid 

curve is the fitting with the above equation. We can see that the fitting matches 

well with the experimental observations, and the fitting parameters are 𝛼 = −0.53 

and 𝑙Φ = 79 nm. As the temperature increases, the WAL gradually disappears due 

to the enhanced electro-phonon scattering, which leads to the decrease in phase 

coherence.   

 

Figure 5.11 (a) Normalized magnetoresistance of an annealed GeH transistor at different 

temperatures, showing clear weak antilocalization (WAL) characteristics at low field region. (b) 

The black empty squares are the magnetoconductance defined as ΔG = G(B) - G(0) for T = 2.5 K. 

The red solid line is the best fit to ΔG using the WAL equation (1), with α = -0.53 and phase 

coherence length lΦ = 79 nm.  

As expected, the WAL can be suppressed by applying a large current, as shown 

in Figure 5.12(a). With the current increase from 5 μA to 80 μA, the WAL dip at B 

= 0 T gradually fades out. The angle (θ) dependence of magnetoresistance was 

measured, as shown in Figure 5.12(b). θ is defined as the angle between the 
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magnetic field B and the ab-plane of annealed GeH, e.g. θ = 90° means the 

magnetic field B is perpendicular to the ab-plane, θ = 0° means the magnetic field 

B is parallel to the ab-plane. However, no obvious change is observed for different 

angles. This is likely to be related to the relatively large thickness of the GeH flakes. 

The coupling between layers is also quite strong after annealing, and therefore the 

behavior shows 3D behavior. Stronger angle dependence may be observed by 

reducing the thickness of GeH sample.  

 

Figure 5.12 (a) Normalized MR measured with different currents, at T = 2 K. The curves are 

vertically shifted for comparison. (b) WAL measurement at different angles.   

5.5 Conclusion 

 We measured the transport properties of multilayer hydrogen-terminated 

germanane, which has a layered structure similar to hydrogen-terminated 

graphene. Pristine germanane without further treatment is insulating due to the 

large gap in the band structure. After annealing in an Ar atmosphere, GeH 

becomes conductive. For low temperature annealing, a field effect transistor 

operation is realized with the highest on/off ratio of 30. The conduction is 

dominated by holes, corresponding to a p-type semiconductor. For high 

temperature annealing, the conductivity becomes very high and the temperature 

dependence of the resistance shows metallic behavior. The resistivity is 4×10-7 Ω·m 

at room temperature, which is lower than any allotropes of germanium, e.g. 

crystalline germanium, amorphous germanium and highly doped germanium. 

Furthermore, the conductivity is even higher than bulk graphite and only slightly 

lower than monolayer graphene. Hence, what we obtained after annealing is very 

likely to be multilayer germanene, which has a structure similar to graphite yet 
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much higher conductivity. The interlayer coupling in multilayer germanene is 

much stronger than graphite. In Raman spectra, the Ge-Ge vibration mode at 300 

cm-1 becomes slightly sharper compared to that before annealing. This result also 

provides strong evidence that the layered structure is preserved instead of 

becoming amorphous during heating, since both pure and hydrogenated 

amorphous germanium have remarkably red-shifted peaks and FWHMs in the 

order of 50 cm-1, which is much larger than our observation of 10 cm-1.   

Clear weak antilocalization is observed at low temperatures with a phase 

coherence length of 80 nm, which proves the presence of strong spin-orbit 

interaction in annealed GeH. As far as we know, this is the first experimental 

observation of strong spin-orbit coupling in GeH or germanene, which indicates 

the possibility of developing spintronic devices and optoelectronic devices based 

on annealed GeH. The weak angle dependence of the observed WAL is possibly 

associated with the relatively large sample thickness and strong interlayer coupling 

in annealed GeH.    
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