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Abstract 

Distributions of point defects like vacancy are studied 

around metal/Ge interfaces by the first-principles calcu-

lation. It is shown that the defect density remarkably in-

creases at the interface, while the Schottky barrier shows 

the Fermi-level pinning not depending on the kind of de-

fects. We show that these features reflect the hybridiza-

tion of defect electronic states with the metal induced gap 

states (MIGS). 

 

1. Introduction 

Because of the large carrier mobility, germanium (Ge) is 

expected as one of promising materials for next-generation 

high-speed devices. However, due to its small cohesive en-

ergy, Ge is believed to have many defects compared to Si, 

especially near metal/Ge interfaces. The defects like vacancy 

are key elements to determine the interface properties such 

as Schottky barrier. However, our knowledge is still limited 

for metal/Ge interfaces [1].  

In this work, we study the fundamental properties of point 

defects around metal/Ge interfaces by the first-  principles 

theoretical calculations, i.e, how many point defects such as 

vacancy and interstitial impurities are present and distributed 

around metal/Ge interfaces and how they change the 

Schottky barrier (SB). 

 

2. Methodology 

To simulate metal/Ge interfaces with point defects, we 

adopt (2x2) Al/Ge (111) repeated slabs made of 5 monolayer 

(ML) Al and 13-25 ML Ge (Fig.1), while a vacuum region 

having more than 10Å thickness is employed between slabs. 

The back-surface of Ge is terminated with H atoms and 2 

ML Ge atoms of the back-surface are fixed at bulk positions 

during the structure optimization. Interstitial atoms are in-

serted at stable tetrahedral (Td) sites in Ge layers, while Ge 

vacancies are arranged at various positions around the inter-

face. 

Electronic structures and atom positions are calculated us-

ing the standard first-principles calculations based on the 

density functional theory, by employing Vienna ab initio 

simulation package (VASP) [2], where the Perdew-Wang 

generalized gradient approximation is adopted for the ex-

change-correlation energy. The wave functions are ex-

panded by plane waves with the energy less than 250-300 eV, 

while the Brillouin-zone integration of charge density is 

evaluated using 16 Monkhorst– Pack k-mesh points. The cal-

culation details are described elsewhere [3].  

 

3. Results and Discussions 

We first consider the stability of point defects. Figures 

2(a) and 2(b) show calculated formation energies of Ge va-

cancies and Al interstitials around Al/Ge interface as a func-

tion of the distance from interface. Here, the energy origin is 

selected to be the formation energies in inner bulk layers, 

which are about 2.0 and 2.96 eV for Ge vacancy and Al in-

terstitial, respectively. Using these values, for example, we 

can estimate the vacancy density in bulk layers as 1010 cm-3, 

which is in good agreement with recent experiments [4]. 

These formation energies in inner bulk layers mainly origi-

nate from the elastic energy loss produced by the insertion 

of foreign atoms in bulk crystal structure [5].  

 
Fig.1. Repeated slab model adopted in this work to simulate defec-

tive Al/Ge(111) interfaces. Vacancy and interstitial atoms are in-

serted at various positions around the interface. 

 

 
Fig.2. Calculated formation energy and defect density (inset) 

of (a) Ge vacancy and (b) Al interstitials around Al/Ge inter-

face, as a function of the distance from interface. 
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It is noted here that the formation energy decreases as the 

point defect approach the interface. Such energy decrease is 

about 0.5eV for vacancy defect, which indicates that the va-

cancy density is three-figure larger than that in bulk layers; 

around 1013 cm-3 at the metal/Ge interface (Fig.2 inset). 

Then, we consider why the formation energy decreases 

around the interface. It is well known that the metal induced 

gap states (MIGS) appear around metal/Ge interfaces [6]. 

Figure 3 shows the charge density map of the MIGS and va-

cancy-related states along the (111) direction. It is seen that 

the MIGS state (black line) is extended in Al layers and pen-

etrates into Ge layers by about 5Å. When the vacancy is lo-

cated at sixth Ge site (V6) from the interface, the vacancy-

related state (blue dotted line) is localized only around the 

vacant site. On the other hand, when the vacancy is located 

at third site (V3), we can clearly recognize the hybridization 

between the MIGS and vacancy-related states. This hybridi-

zation promotes the energy decrease of vacancy formation 

around the interface. We have also analyzed the formation-

energy variation for Al interstitials and found the same sce-

nario; the defect density is large around the interface due to 

the decrease of formation energy caused by the hybridization 

of defect states with the MIGS. 

To demonstrate the correlation of defect formation and the 

MIGS, we calculate the formation energy of Al interstitial 

defect at Al/Si, Al/SiO2, and Al/Sn interfaces, the results be-

ing shown in Figs. 4(a) to 4(c). It is clearly seen that the var-

iation range of formation energy is short for SiO2, while long 

for Sn. This is because MIGS penetration length is roughly 

proportional to the inverse of band-gap energy and thus it is 

short for SiO2 (band gap= about 9.0eV), while long for Sn 

(gap= about 0.1eV). 

Finally, we consider what changes occur in SB height 

when the point defects exist around the metal/Ge interfaces. 

Figure 5 shows the calculated SB for hole carriers when var-

ious point defects are located at the most stable positions 

around Al/Ge interface. Here, the blue horizontal line around 

0.1eV corresponds to the SB for clean Al/Ge interface with-

out defects. It is seen that the SB does not change even when 

vacancy, interstitial, and substitution defects exist. This is 

because most defects prefer to locate in a region where the 

MIGS penetration occurs and the electronic perturbation by 

the defects is screened and weakened by the hybridization of 

defect states with the MIGS. 

 

4. Conclusions 

 We have studied the defect distribution around metal/Ge 

interfaces by using the first-principles calculation. It was 

shown that the defect density increases around the interface 

because the hybridization of defect states with the MIGS sta-

bilizes the defects; e.g, the vacancy density is about three 

figure larger than that in bulk layers. We also showed that 

the MIGS screens the defect states and thus the Schottky bar-

rier has similar values for both clean and defective interfaces. 

These results indicate that the MIGS is important for deter-

mining not only the Schottky barrier but also the defect dis-

tribution around the metal/Ge interfaces.  

 

Acknowledgements 
   This work is partially supported by Grants-in-Aid for Scientific 

Research (Kakenhi), Japan. We also acknowledge the supercompu-

ting centers of the Institute for Solid State Physics, University of 

Tokyo and Kyushu University for the use of facilities. 

 

References 

[1] J. Shim et al.: IEEE ELECT. DEV. LETT. 34 (2013).  

[2] G. Kresse, J. Furthmueller: Comput. Mater. Sci. 6 (1996) 15.  

[3] K. Kobinata, T. Nakayama: Jpn.J.Appl.Phys. 53(2014)035701. 

[4] J. Vanhellemont et al.: J. Appl. Phys. 101 (2007) 036103. 

[5] T. Hiramatsu et al.: Jpn. J. Appl. Phys. 53 (2014) 058006. 

[6] V.Heine: Phys. Rev. 138A (1965) 1689. 

 
Fig.3. Charge density of vacancy-related states when the vacancy 

is located at third V3 (red dashed line) and sixth V6 (blue dotted 

line) sites from the Al/Ge interface. Original MIGS state of Al 

layers is shown by a black line.  
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Fig.4. Calculated formation 

energy of Al interstitial de-

fect as a function of the dis-

tance from the interface, for 

(a) Al/Si, (b) Al/SiO2, and (c) 

Al/Sn interfaces.  

Fig.5.Calculated Schottky 

barrier height for hole car-

rier at Al/Ge interfaces hav-

ing Ge interstitial (GeI), Al 

interstitial (AlI), Ge va-

cancy (VGe), and Al substi-

tution (AlGe) point defects. 

Blue horizontal line corre-

sponds to the barrier at 

clean interface without de-

fects.  
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