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Electronic band structures of defective silicon–germanium (SiGe) were described using ab initio calculat-
ions, and the influences of vacancy defects on the conductive properties of SiGe were studied. The 
analysis of formation energies of the defects indicates that a Si atom is easier to lose than a Ge one to 
form a single vacancy (SV) defect, and double vacancy (DV) defects might be more frequently found than 
two adjacent SV defects in SiGe. A vacancy could be formed more easily in Ge-rich than Si-rich SiGe. The 
band structures of SiGe compounds are affected conspicuously by defects, making most of the SixGe8−x

compounds with SVs show a trend to become to p-type, and almost all of the SixGe8−x compounds with 
DVs turn to n-type. The p-type property might come from the vacancies with +2 charged state, and 
n-type property from the vacancies with −2 charged state.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent decades, the semiconductor industry, especially the 
part based on the materials of group IV, is developing rapidly. 
Thereinto, two most important elementary substances silicon (Si) 
and germanium (Ge), both belonging to diamond lattice struc-
tures, are completely miscible with each other and can form 
silicon–germanium (SiGe) alloys as solid solutions with any pro-
portion. SiGe alloys have attracted great attention due to several 
attractive properties, including adjustable band gaps [1–5] and en-
hanced carrier mobility [1,2] that could be exploited in many fields 
of application [6–9]. In addition, strained SiGe plays an impor-
tant role in applications. For example, a host of devices is based
on strained SiGe layers on Si substrates (so called “virtual sub-
strates”), where lattice mismatch between SiGe and Si can bring 
strain and defects and engineer the properties of the devices 
[10–12].

Based on these facts, the study of defective SiGe deserves atten-
tion, since structural defects are unavoidable even in unintention-
ally doped unstrained SiGe according to thermodynamics [13–15]. 
Because of the existence of defects and impurities, previous ex-
perimental studies have found that most unintentionally doped 
epitaxial Si is n-type [16–18] and unintentionally doped epitaxial 
Ge is p-type [19–22]. However, unintentionally doped SiGe shows 
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more complicated properties [16,23–27]: for instance, molecular 
beam deposited Si1−xGex (x is 0.1, 0.25, 0.5, 0.75, and 1) samples 
show p-type [25], and SiGe single crystals grown by Czochral-
ski technique are n-type when the content of Si is 0.01 [26]. 
In addition, experimental research has shown that heating treat-
ment would affect the properties of SiGe alloys, including turning 
p-type to n-type [27], since the heating process influences the
types and numbers of defects. Accordingly, recognition of the ef-
fect of defects and precise control of defects is essentially the key 
to design and fabricate SiGe-based devices with superior perfor-
mance.

First-principles calculations of defects have become a cor-
nerstone of research in semiconductors, even in novel two-
dimensional (2D) semiconductors [28–31] and semiconductors 
with charged point defects [31–34], by providing insights into 
their fundamental physical properties. However, to the best of our 
knowledge, little theoretical work has been done to study the de-
fects in SiGe systems with a range of elementary proportions, as 
well as the influences of the defects on the electronic and conduc-
tive properties.

In this work, we systematically studied several representative 
point defects in SiGe compounds, including single vacancy (SV) 
and double vacancy (DV) defects, these typical kinds of vacancy 
defects have been observed in experiments, especially in 2D mate-
rials [29,30], and did change the properties of materials. Using ab 
initio simulations, we investigated the formation energies of these 
defects and their influences on the properties of the SiGe com-
pounds with different elementary proportions.
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Fig. 1. Geometric structures of perfect SixGe8−x , blue circles represent Si atoms and gray for Ge atoms, (a)–(g) is for x = 1, 2, . . . , 7, as Si1Ge7, Si2Ge6, . . .Si7Ge1, respectively. 
Various SV defects are labeled using defective positions in each SixGe8−x , as for a tag of “1” in (a) is for SV117 defect in Si1Ge7. And the green (red) tag is for one Si (Ge) 
atom lost. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
2. Calculation methods

Our first-principles calculations were performed using the Vi-
enna ab initio simulation package (VASP) [35] based on density 
functional theory (DFT). We employed the plane-wave basis pro-
jector augmented wave (PAW) potentials [36] to describe the in-
teraction between the valence electrons and the electrons in core 
region and generalized gradient approximation (GGA) of Perdew, 
Burke, and Ernzerhof (PBE) [37] for the exchange–correlation func-
tions. The structure relaxations were carried out with a 600-eV 
plane wave cutoff, and throughout all calculations. The Brillouin 
zones (BZ) were sampled by a �-centred 2 × 2 × 8 k-point meshes, 
during structural relaxation. All atoms were relaxed until the force 
criterion was less than 0.01 eV/Å and the energy differences were 
converged within 10−6 eV. For charged defects, the Coulomb inter-
actions of an infinite periodic array of charged defects introduce a 
divergence. This divergence is usually removed by a uniform com-
pensating charge (“jellium”), so called “jellium model”, to maintain 
charge neutrality [32,34].

A large 4 × 4 × 1 supercell (22.63 Å × 22.63 Å × 5.66 Å) of 
SixGe8−x (with x = 1, 2, 3, 4, 5, 6 and 7) was built to investigate 
the effect of various defects in SiGe compounds. All the possible 
symmetrical structures for SixGe8−x have been optimized (shown 
in Fig. 1 in supplementary material), and the energetically favored 
structures have been selected for subsequent studies. Then various 
kinds of SV defects were put into these optimized SiGe structures, 
with the principle that defects should be distributed uniformly and 
symmetrically. DV defects were brought into all these SiGe struc-
tures by choosing two nearest adjacent atoms and knocking them 
off, following the principle mentioned above.

To characterize the thermodynamic stabilities of these defects 
in SiGe and compare the formation probabilities with each other, 
we employed the formation energy of a defect D in charge state q, 
defined as [32,38]:

�H f (D,q, E F ) = E(D,q)− Etot(pristine)+
∑

niμi +q(EVBM + E F )
i

2

where E(D, q) and Etot(pristine) represent the total energy of the 
SixGe8−x supercell with and without defects, respectively, ni is 
the number of the removed Si atoms or Ge atoms in correspond-
ing defective SixGe8−x, and μi is the chemical potential of one 
Si atom or Ge atom in its pristine crystal cell, and defined as 
μi = ESi(Ge)pristine/nSi(Ge) , where ESi(Ge)pristine and nSi(Ge) represent 
the total energy of pristine crystal cell and the number of the 
atoms in it, respectively. And, E F is the Fermi level with respect 
to EVBM the valence-band maximum (VBM) of the pristine mate-
rial EVBM.

3. Results and discussion

Fig. 1 shows the optimized energetically favored structures of 
SixGe8−x, with x ranging from 1 to 7, respectively. Considering 
the fact that a small concentration incorporation of dopants or 
defects can result in several orders of magnitude decrease of elec-
trical resistivity in IV semiconductors (for instance, 10−4% doping 
of phosphorous atom in Si causes 7 orders of magnitude decrease 
of resistivity [39,40]), the defect concentration in our computa-
tional study on SiGe compounds might be too large. In fact, we 
used as big a supercell with 128 atoms as we can afford based on 
our computational capability to do the calculations, which results 
in a concentration of defects of about 1%, still much bigger than 
that of defects (not more than 10−7% [41,42]) in real unintention-
ally doped SiGe samples. Therefore, instead of trying to get the 
absolute level of Fermi energy, we mainly focus the formation en-
ergy of the defects and the movement of the Fermi level induced 
by the defects to explore the influence of the defects on the con-
ductive properties of SiGe.

The SV defects in SiGe were presented in Fig. 1. The tag “1” in 
Fig. 1(a) represents that on position “1” in Si1Ge7 there is a Si va-
cancy, which is named as SV117. Since there are four equivalent 
nearest Ge atoms around position “1”, we have chosen one of the 
four sites, for instance, position “2”, and name the Ge vacancy on 
position “2” as SV217. SV317 and SV417 are the two different Ge va-
cancies at the second nearest sites. The other defects in SixGe8−x
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Fig. 2. Optimized structures of typical DV defects in (a) Si1Ge7, (b) Si2Ge6, (c) Si3Ge5, and (d) Si4Ge4. For clearer observation, all the defect areas are surrounded by red 
dotted lines in each atomic diagram of DV defective SixGe8−x supercell.
compounds were labeled in this way as well, and the green (red) 
tag is for one Si (Ge) atom lost. All possible sites of SV defects 
were selected, and others are equivalent to these in infinite peri-
odic array, respectively.

Typical DV defects, including those in Si1Ge7, Si2Ge6, Si3Ge5, 
and Si4Ge4 were shown in Fig. 2. The structures of DV defects in 
Si7Ge1, Si6Ge2 and Si5Ge3 are nearly same as Si1Ge7, Si2Ge6 and 
Si3Ge5, respectively, except that Si and Ge atoms exchange their 
sites. It is noted that there are four types DV defects in Si1Ge7, 
Si2Ge6, and Si3Ge5, respectively, while there is only one type DV 
defect in Si4Ge4, in consideration of the symmetry.

The formation energies for all these neutral vacancy defects in 
SixGe8−x supercells were calculated and plotted in Fig. 3. As shown 
in Fig. 3(a), the formation energies of neutral SV defects are dis-
tributed in 1.75–3.66 eV, where the most formation energy of a Si 
SV defect is lower than a Ge SV defect, which implies that it is 
easier for Si atom to lose in SiGe systems. And the formation en-
3

ergies of SV defects increase as the silicon fraction x increases in 
SixGe8−x, which is consistent with the results reported by J. Van-
hellemont et al. that a vacancy could be formed more easily in 
pure Ge than in pure Si [43].

The formation energies of neutral DV defects are between 
2.10 eV and 4.28 eV, shown in Fig. 3(b). Apparently, a DV defect 
is more energetically favored than two SV defects added together. 
For example, a DV417 defect in the Si1Ge7 supercell with the for-
mation energy of 2.10 eV, would aggregate from one SV117 defect 
and SV217, owing to the total formation energy of these two SV de-
fects (1.75 +2.02 = 3.77 eV) is much higher than that of the DV417
defect. It indicates a higher appearance frequency of DV defects in 
our SiGe systems than that of two adjacent SV defects. Besides, a 
similar linear relationship between the vacancy formation energy 
and the concentration x of Si in SixGe8−x was also observed. The 
formation energies of DV defects with one Si atom and one Ge 
atom lost are lower than that with two Ge atoms lost in Ge-rich 
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Fig. 3. Comparison results of vacancy formation energies (Ef (eV)) of various types of SV and DV defects in SixGe8−x supercell. Besides, formation energies of SV and DV 
defects in pure Si (x = 1) and Ge (x = 0) are also shown. The red dots are for the Ge vacancy defects, green for the Si vacancy defects, and blue for the DV defects that with 
one Si and one Ge atom lost, different shapes are for all the possible types of vacancy defects mentioned before.

Table 1
The Fermi energies (E F ) and band gaps (E g ) calculated by PBE and HSE approximations, and their difference values (�) in pristine SixGe8−x .

Ge Si1Ge7 Si2Ge6 Si3Ge5 Si4Ge4 Si5Ge3 Si6Ge2 Si7Ge7 Si

PBE 4 × 4 × 1 supercell
E F (eV) 3.78 4.04 4.28 4.57 4.81 5.09 5.29 5.88 5.93
E g (eV) 0.06 0.24 0.40 0.42 0.55 0.46 0.48 0.45 0.66

PBE 1 × 1 × 1 supercell
E F (eV) 3.85 4.02 4.34 4.54 4.80 5.05 5.37 5.61 5.88
E g (eV) 0.06 0.25 0.29 0.39 0.55 0.46 0.30 0.35 0.67

HSE06
E F (eV) 3.45 3.69 3.95 4.19 4.46 4.71 4.99 5.24 5.51
E g (eV) 0.71 0.87 0.93 1.03 1.10 1.03 0.87 0.92 1.14

HSE06−PBE
�E F (eV) −0.40 −0.34 −0.38 −0.35 −0.33 −0.34 −0.38 −0.37 −0.37
�E g (eV) 0.65 0.62 0.64 0.64 0.55 0.57 0.57 0.57 0.47
SixGe8−x, while two Si atoms vacancies would appear more easily 
in Si-rich SixGe8−x, because Si atoms tend to lose more easily in 
SiGe systems, as mentioned before.

The band structures of pristine SixGe8−x compounds were 
shown in Fig. 4. The resulting band structures of SixGe8−x are sim-
ilar to those of Si and Ge, which almost have an indirect band gap 
about 0.24–0.55 eV, shows that the VBM is at � point and closer 
to the E F than the conduction band minimum (CBM). The band 
gaps are smaller than that in practical Si and Ge, since DFT cal-
culation might underestimate the band gap in Si and Ge [44,45]. 
The more precise approach might be based on evaluation of the 
electron self-energy operator within the GW approximation [44], 
which in terms of the dynamically screened Coulomb interaction 
(W) and the dressed Green’s function (G); or use hybrid HSE06 
[45,46] exchange-correlation functional that mixes the PBE ex-
change part with 37.5% of Hartree-Fock exchange in the short 
range to match the experiment band gap. However, these meth-
ods are too time-consuming for our defective supercells. Since our 
main objective is to study the influences of vacancy defects on 
the conductive properties of SiGe, we focus mainly on analyzing 
the trend of the band variation and the movement of the Fermi 
level. Nevertheless, we also employed a smaller 1 × 1 × 1 supercell 
(5.66 Å × 5.66 Å × 5.66 Å) with 8 atoms to compare the simu-
lated results calculated by PBE and HSE approximations. The Fermi 
energies (E F ) and the band gaps (E g ) of pristine SixGe8−x calcu-
lated by PBE and HSE approximations were shown in the Table 1. 
It can be seen that, E F values calculated by PBE approximation are 
overestimated by 0.33 eV–0.38 eV, while E g values calculated by 
PBE approximation are underestimated by 0.55 eV–0.64 eV with 
respect to the corresponding values calculated by HSE approxima-
tion.
4

As a typical example, Fig. 5 shows the band structures of Si1Ge7
compounds with different SV and DV defects. Obviously, the band 
structures of defective Si1Ge7 compounds have a distinct variation 
compared with that of pristine Si1Ge7 compound, owing to the ex-
istence of defects. The Fermi levels of all Si1Ge7 compounds with 
SV defects shift down obviously, indicting the incorporation of SV 
defects would enhance the p-type conductive properties. Although 
the Fermi levels eventually get into the valence band and indicate 
a metallic property owing to the much higher centration of defects 
we investigated than experimental ones as mentioned before, the 
analysis of the Fermi level shifting could still throw light upon the 
influences of vacancy defects on the conductive properties of SiGe 
compounds. On the other hand, most of the Si1Ge7 compounds 
with DV defects change to n-type, owing to the band gap narrow-
ing and Fermi level shifting toward the CBM.

To further understand the electronic and conductive properties 
of all the considered defective SixGe8−x compounds, we employed 
density of states (DOS) calculation, which were shown in Fig. 6. 
The shapes of the total DOS for the pristine SixGe8−x compounds 
are almost similar, and cohere with their band structures. The band 
gaps (E g ) of them increase gradually from 0.24 eV to 0.55 eV as 
x increases. This variation agrees with the experiments and other 
more accurate calculation methods [1]. The E g we calculated is 
smaller than experimental results, since DFT calculation usually 
underestimates the band gap in Si and Ge. It is observed that 
the total DOS of most SV defective SixGe8−x (except Si7Ge1) shift 
up slightly, after all the E F are normalized to zero, as shown in 
Fig. 6(a)–(f) upper; And the zero DOS positions of them shift up 
from the VBM to nearly the CBM (relative to their pristine struc-
tures), which is resulted from defective energy levels. These details 
mean that the E F of these SV defective SixGe8−x shift down, show-
ing p-type property. Whereas, the E F of SV or DV defective Si7Ge1



L. Shen, X. Zhang, J. Lu et al. Physics Letters A 386 (2021) 126993

Fig. 4. Electronic band structures of pristine SixGe8−x compounds, (a)–(g) is presented for Si1Ge7, Si2Ge6, . . . , Si7Ge1, respectively.

Fig. 5. Electronic band structures of Si1Ge7 with various kinds of SV and DV defects: (a)–(d) is for SV117, SV217, SV317, and SV417; (e)–(h) is for DV117, DV217, DV317, and 
DV417.
shift up, which can be seen in Fig. 6(g), exhibiting n-type property. 
Besides, as for the other DV defective SixGe8−x, the total DOS and 
the zero DOS positions don’t shift, as shown in Fig. 6(a)–(f) under. 
Then, there are some energy levels going deep into the CBM versus 
pristine structures, resulting in the electrons going into conductive 
bands more easily, leading to n-type property.

Moreover, the formation energies of the different charge states 
of the vacancy as a function of Fermi energy E F , throw light upon 
the sources of the different conductive properties, as shown in 
Fig. 7. There are four permitted charge states for a vacancy in SiGe, 
ranging from (−2) to (+2) [47]. The defect SV117 shows p-type 
5

property as previously mentioned, which might come from +2 
charge state vacancy (SV117

+2), because of its lowest formation en-
ergy at VBM, as shown in Fig. 7 (a). Similarly, because of the lowest 
formation energies at CBM, DV417

−2, SV371
+2 and DV171

+2 are re-
sponsible for n-type property of corresponding defective SixGe8−x, 
which are shown in Fig. 7(b), (c) and (d), respectively. We then ex-
plain the influence of vacancy defects on the conductive properties 
of Si1Ge7 system as follows: For a Si SV defect in Si1Ge7 compound 
(SV117), there are four nearest atoms, each of which has one un-
paired electron and results in one unsaturated covalent bond, as 
shown in Fig. 1. As a result, the SV117

+2 charged defect forms 
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Fig. 6. (a)–(g) Density of state (DOS) for pristine and defective SixGe8−x compounds Si1Ge7, Si2Ge6, . . . , Si7Ge1, respectively. The area under curve filled with gray color is 
denoted for the total DOS of pristine SixGe8−x compounds, and colorized curves are for SV defects (upper) and DV defects (under) in their corresponding SixGe8−x compounds.

Fig. 7. Formation energies of the different charge states of the vacancy as a function of Fermi energy E F . The zero of Fermi level corresponds to the top of the valence band, 
and the maximum corresponds to the energy gap of bulk Silicon (1.12 eV). The dash line is at the maximal E g of SixGe8−x (0.46 eV). (a) Formation energies of a Si vacancy 
(SV117) in Si1Ge7; (b) Formation energies of a double vacancy (one Si and one Ge atom lost) (DV417) in Si1Ge7; (c) Formation energies of a Si vacancy (SV371) in Si7Ge1; (d) 
Formation energies of a double vacancy (two Si atoms lost) (DV171) in Si7Ge1.
out and acts as an acceptor, leading to the trend of p-type band 
variation. For a DV defect in Si1Ge7 compound (DV417) as shown 
in Fig. 2, the surrounding nearest atoms leave further away from 
their original lattice positions owing to the bigger vacancy space. 
They behave like interstitial atoms, and their electrons could get 
lost since they don’t form covalent bonds. As a result, the DV417

−2

charged defect forms out and acts as a donor, leading to the trend 
of n-type band variation. Besides, silicon atoms have smaller or-
bital radius, and the valence electrons are bounded more tightly, so 
6

they are more likely to act as an acceptor in defective Si7Ge1. In-
terestingly, we found that unintentionally doped Si0.2Ge0.8 single-
crystalline samples grown on Ge substrate by ultra-high vacuum 
chemical vapor deposition [5] exhibit n-type property. Since two 
adjacent SV defects have a great possibility to coalesce a DV de-
fect and result in n-type band as we found in this work, it is 
speculated that this n-type behavior of unintentionally doped SiGe 
samples should be caused by some kinds of DVs or related de-
fects.
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4. Conclusions

In this paper, we performed DFT calculations to investigate 
the influences of vacancy defects on the conductive properties of 
SixGe8−x compounds. The study of formation energies of the de-
fects indicates that a Si atom is easier to lose than a Ge to form 
a SV defect in SixGe8−x, and DV defects might be more frequently 
found than two adjacent SV defects in SiGe. Most of the defective 
SixGe8−x compounds with SVs show a trend to become to p-type, 
and almost all of the defective SixGe8−x compounds with DVs turn 
to n-type. Vacancies with +2 charged state act as an acceptor, 
leading to the trend of p-type band variation, while −2 charged 
state act as a donor, leading to the trend of n-type band variation. 
Our work may provide insights into the future design and fabrica-
tion of conductive SiGe materials and devices.
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