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Based on the high-throughput first-principles calculations with structural recognition, we have ystemati-
cally investigated the structural stabilities and optical properties of SixGeyHz nanocrystals(H-SiGeNCs), 
including various sizes, shapes and compositions. The total energies of H-SiGeNCs can be simply 
estimated by the bond energy model in high accuracy, where the error of test set is less than 0.5 meV per 
atom. According to the energy difference of Si/Ge in various bonding environments, we have determined 
the ground state structures by the geometry analysis, as is confirmed the convex hulls of formation 
enthalpy from the first-principles calculations. In addition, the energy gaps of H-SiGeNCs are modulated 
by the atomic distributions, as well as the vibrations of Si-H and Ge-H bonds at room temperature which 
is revealed by ab initio molecular dynamics simulations.

© 2020 Published by Elsevier B.V.
1. Introduction

Alloying is one of the most practical methods to tune the mate-
rials’ properties and explore novel materials. Various metal alloys 
[1] and multi-component semiconductors [2–4] have been exten-
sively studied. The order–disorder transition in the Cu-Au alloy has 
been the subject of numerous experimental and theoretical inves-
tigation [5], which is a typical system for studying the ordered 
structures of face-centered cubic lattice with nearest-neighbour in-
teraction [6]. Multi-component semiconductors, ZnxMg1−xSySe1−y

and (GaN)1−x(ZnO)x , exhibit various electronic and optical proper-
ties, whose band structures can be effectively modulated by the 
concentrations and atomic distributions [2,4].

Due to the similar lattice constants in bulk Si and Ge, the 
SixGe1−x alloys with the spontaneous ordering have been ob-
served in epitaxially growth [7], which was proved to be the re-
sult of surface growth kinetics [8]. Various Si/Ge nanostructures, 
such as hetero-structures, quantum well structures, nanowires and 
nanocrystals, have been synthesised by self-assembling and self-
ordering on single-crystal Si substrates [9], indicating potential 
applications of Si/Ge nanostructures such as photodetectors with 
improved performance or novel functionality. For example, the 
SixGe1−x nanowires have been predicted to yield a direct band gap 
with an optically permitted transition [10,11].
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Generally, the atomic distributions in alloy structures will evo-
lute with environmental conditions, due to the free energies as a 
function of temperature. Combining the first-principles calculations 
with the cluster variation method, the phase diagram of semicon-
ductor alloy can be obtained including the appearance of ordering 
and phase separation [12]. For example, the SixGe1−x alloys in 
bulk are found to be a phase-separation system with a miscibil-
ity gap below 170 K [13]. Similarly, Monte-Carlo simulation has 
been further applied to the phase diagram of the CaO-MgO, Ti-Al, 
and Cu-Au systems [14], where the cluster expansion which has 
considered the effect of lattice vibrations will be in a better agree-
ment with the experimental phase diagram [15].

With large surface/volume ratio, the chemical reactivity of 
metal nano-particles will be significantly enhanced, where the size 
and shape of stable structures will evolute as a function of ther-
mal condition [16–18]. For example, the Pd–Rh nano-particles have 
been experimentally shown to be enriched in rhodium/palladium 
under oxidising/reducing conditions respectively [19], which has 
been confirmed by theoretical simulations [20]. For semiconductor 
quantumdots, the optical properties are dominated by the surface 
passivants due to the vibration effect, producing emission with a 
narrow full-width at half-maximum with high photo-luminescence 
quantum yield [21]. To simulate the optical adsorption spectrum, 
the first-principles calculations combined with importance sam-
pling Monte Carlo methods is proposed, which is found to be in 
quantitative agreement with the experimental observation for dia-
mondoids [22].
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In this paper, we have theoretically investigated the hydrogen 
passivated SiGe nanocrystals (H-SiGeNCs), focusing on structural 
stabilities and optical properties. We have adopted a bond energy 
model for the total energies of SixGeyHz , which is in good agree-
ment with the results from the first-principles calculations. The 
test errors are lower than 0.5 meV per atom, and we have pro-
posed a simple rule to determine the stable structures which are 
confirmed by the convex analysis of the formation enthalpy ac-
cording to the first-principles calculations. The phase diagram of 
ground states can be correlated with the symmetry of H-SiGeNCs, 
where the sizes and atomic distributions can be tuned by the 
chemical potential of hydrogen passivants. Additionally, the energy 
gaps are found to be dominated by the sizes and atomic distribu-
tions. The vibration effect at room temperature is further studied 
based on ab initio molecular dynamics (AIMD) simulations.

2. Computational methods

Based on the density-functional theory (DFT) method imple-
mented in the Vienna ab initio simulation package (VASP) [23,24], 
we have performed the first-principles calculations on H-SiGeNCs 
with various sizes, shapes, and Si/Ge composition. The generalised 
gradient approximation (GGA) functional [25,26] was employed for 
the exchange-correlation energy. The energy cut-off was set to be 
500 eV and a mesh of 1 × 1 × 1 in the Brillouin zone was used. 
All structures were fully relaxed by the conjugate gradient method 
and the forces on each atom were less than 0.01 eV/Å. The su-
percell was adopted with the vacuum distance larger than 10 Å to 
avoid the interactions caused by the periodical boundary condition. 
To consider the temperature effect, we have also used AIMD sim-
ulations at T = 300 K with the temperature controlled by a Nosé 
heat bath scheme [27].

The stable configurations of H-SiGeNCs can be determined by 
the convex hull analysis of formation enthalpy [28,29] as a func-
tion of Si or Ge atom number. The formation enthalpy is referred 
to pure nanocrystals with the same sizes and shapes, in which the 
number of H atoms remain the same. For a given H-SiGeNCs, the 
formation enthalpy �H(SixGeyHz) is defined as:

�H(SixGeyHz) =
E(SixGeyHz) − [

xE(Six+yHz) + yE(Gex+yHz)
]

where E(SixGeyHz) and E(Six+yHz)/E(Gex+yHz) are the total en-
ergies of the H-SiGeNCs and pure Si/Ge nanocrystals, respectively. 
The sign of the formation enthalpy indicates an exothermal or en-
dothermic reaction compared to pure nanocrystals. The convex hull 
of formation enthalpy will indicate the ground state of H-SiGeNCs 
at 0 K.

As is known, it will be a challenge to search the stable struc-
tures due to the numerous candidates. To make an efficient screen-
ing, we have performed the structural recognition to prevent the 
repeated calculations of the same isomers, using the package of 
Structures of Alloys Generation And Recognition (SAGAR [30]). 
For example, there are 512 possible candidates for SinGe10−nH16
while only 90 unique structures are found after the structural 
recognition. For SinGe14−nH20, there are 1676 unique structures 
found in 16,384 possible candidates. The number of unique iso-
mers will significantly grow as the size of H-SiGeNCs increases. 
In our previous studies [31–33], we have shown that the to-
tal energies of group-IV nanostructures (XmHn , X = C, Si, Ge) 
are dominated by the localized bonds of H-X and X-X , con-
firming the magic diamond nanocrystals observed experimentally 
(C10H16,C14H20,C18H24, C22H28 (1D), C22H28 (2D) and C22H28
(3D)) [34]. Thus, a fast and accurate estimation of energies for the 
H-SiGeNCs is necessary and important to screen stable structures.
Fig. 1. Structural stabilities of SixGe10−xH16 and SixGe14−xH20. (a) Formation en-
thalpy of possible isomers is plot with blue triangles and the convex hull points 
are plot with red circles. (b) Stable structures according to the convex hull analy-
sis, and blue/grey/white atoms are Si/Ge/H atoms, respectively. (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)

3. Results

We have determined the ground state structures of H-SiGeNCs 
with various sizes, as shown in Sec. 3.1. The bond energy model 
is applied to describe the structural stabilities, demonstrating the 
evolution of stable structures. In Sec. 3.2, we consider the effect of 
chemical potential on the structural stabilities of H-SiGeNCs, where 
the energy gaps will vary with the distribution of Si/Ge atoms. The 
vibration effect on the gaps at room temperature is also discussed.

3.1. Bond energy model for H-SiGeNCs

According to the structural recognition, we have found 90 
and 1676 unique isomers for SixGe10−xH16 and SixGe14−xH20, re-
spectively. The total energies of all these structures were ob-
tained by the DFT calculations. The convex hull analysis of for-
mation enthalpy has been used to determine the stable struc-
tures of SixGe10−xH16 and SixGe14−xH20. As shown in Fig. 1(a), 
there is a stable structure of Si6Ge4H16 for SixGe10−xH16. Sim-
ilarly, we have found two stable structures of Si6Ge8H20 and 
Si8Ge6H20 for SixGe14−xH20, according to the convex hull analysis. 
Fig. 1(b) shows the stable structures of Si6Ge4H16, Si6Ge8H20 and 
Si8Ge6H20. In Ge10H16, there are six dihydrides(GeH2) and four 
monohydrides(GeH), and the most stable Si6Ge4H16 is the struc-
ture with all GeH2 replaced by SiH2. Similarly, Si6Ge8H20 can be 
obtained from Ge14H20 by replacing all GeH2 with SiH2. There are 
two kinds of GeH in Si6Ge8H20, with one or three Si atoms as the 
nearest neighbours. The Si8Ge6H20 is the structure with GeH re-
placed by SiH at the positions with three nearest neighbouring Si 
atoms. Thus, the ground state structures of H-SiGeNCs can be ob-
tained from H-GeNCs by gradually replacing the Ge with Si based 
on the bonding configurations.
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Fig. 2. Bond energy mode for H-SiGeNCs. The frequency shows the distribution of 
test errors (δE) for the total energies of SixGe10−xH16 and SixGe14−xH20. The inset 
shows the consistence of total energies between DFT and BEM.

Taking SixGen−xHn+6 (n = 18, 22) as examples, we have con-
sidered larger H-SiGeNCs with various sizes and shapes. The 
number of unique isomers are 68,352 for SixGe18−xH24. The to-
tal number for SixGe22−xH28 is 3,871,488, in which there are 
1,065,984/2,098,176/707,328 isomers for 1D/2D/3D structures, re-
spectively. In such cases, the total energies of all candidates using 
DFT will be over expensive. With the idea of bond energy model 
(BEM) [31], we estimate the energy with Si-H/Ge-H/Si-Si/Si-Ge/Ge-
Ge bonds, where the parameters are fitted based on the DFT 
calculations of SixGe10−xH16 and SixGe14−xH20. As shown in Fig. 2, 
there is a linear dependence of energies from DFT and BEM (shown 
in the inset). Using 1,000 structures as the train set, we have found 
that the biggest deviation is less than 0.5 meV per atom for 776 
test samples. In the fitting, we have used the energies from DFT 
calculations after full structural relaxation, which indicates that the 
structural stabilities of H-SiGeNCs can be excellently described by 
BEM.

The total energy of a given H-SiGeNCs is directly estimated 
based on BEM, and the analysis of parameters will bring insight of 
searching stable structures. For example, the energies of Si-Si/Si-
Ge/Ge-Ge are −2.244/−2.006/−1.788 eV, respectively. Therefore, 
the phase separation will occur in the SixGe1−x alloys at low tem-
perature, as confirmed in previous studies [7,8]. In addition, the 
energies of Si-H and Ge-H are −3.355 eV and −2.985 eV, thus 
Si atom will be energetically preferable to aggregate towards sur-
face, forming the core-shell structures. In the stable structures of 
Si6Ge4H16, all Si atoms are bonded with two H atoms while the 
Ge atoms are bonded with one H atoms. It is reasonable that the 
energy of Si-H is 0.37 eV lower than that of Ge-H. Therefore, our 
BEM not only provides a fast and accurate estimation of energies, 
but also brings insight to understand the atomic distributions of 
stable structures.

3.2. Evolution of stable structures

The stable structures of H-SiGeNCs will vary with the sizes and 
shapes. Unfortunately, the number of possible candidates will grow 
exponentially as the sizes increase. According to BEM, we propose 
an analytical method to study the evolution of stable structures. In 
H-SiGeNCs, there are three types of bonding environment for Ge 
atoms: no H atom connected(A), one H atom connected(B) and two 
Table 1
The energy difference of various sites replac-
ing Ge atom with Si atom. The sites are dis-
tinguished by the number of H, Si, Ge atoms 
(α, β, γ ).

Type α,β,γ �E (eV)

A1 0, 0, 4 -0.931
A2 0, 1, 3 -0.951
A3 0, 2, 2 -0.971
A4 0, 3, 1 -0.991
A5 0, 4, 0 -1.012

B1 1, 0, 3 -1.082
B2 1, 1, 2 -1.102
B3 1, 2, 1 -1.122
B4 1, 3, 0 -1.143

C1 2, 0, 2 -1.233
C2 2, 1, 1 -1.253
C3 2, 2, 0 -1.273

H atoms connected(C). The energy difference of the site replaced 
by Si atom is:

�E = α(ESi−H − EGe−H) + β(ESi−Si − ESi−Ge)

+γ (ESi−Ge − EGe−Ge)

where α, β and γ are the number of H, Si and Ge atoms at nearest 
neighbours, respectively.

Table 1 shows the energy difference for all possible cases of re-
placing Ge atom with Si atom, where �E is gradually decreased 
from A to C. When Ge atoms in H-GeNC are replaced by Si atoms 
one by one, the Si atoms will energetic-preferably replace the sur-
face Ge atoms. To construct stable H-SiGeNCs, the GeH2 will be 
firstly replaced by SiH2, where GeH will be further replaced by 
SiH when the Si concentration is increased. It is comprehensible 
because the bond energy of Si-H is much lower than the one of 
Ge-H bond. Inside H-SiGeNCs, Si atoms tend to aggregate together, 
where reducing the number of SiGe bonds will enhance the sta-
bilities of H-SiGeNCs due to ESi−Si + EGe−Ge − 2ESi−Ge < 0. There-
fore, the ground state structures of H-SiGeNCs can be obtained by 
the analysis of local geometry, gradually replacing Ge atoms in H-
GeNCs with Si atoms.

Taking the Ge10H16 as an example, there are two isomers of 
SiGe9H16 and the one with C1 kind of Ge replaced by Si is more 
stable. From SiGe9H16 to Si6Ge4H16, the lowest formation enthalpy 
for given concentration decrease linearly with the number of Si 
atoms. Then, there are four Ge atoms of B4 kind and the lowest 
formation enthalpy will increase when the number of Si atoms 
further increases. As a result, Si6Ge4H16 is a ground state struc-
ture corresponding to the convex point of formation enthalpy. 
For Ge14H20, Si6Ge8H20 is one ground state structure with six Ge 
atoms of C1 kind replaced by Si. There are two Ge atoms of B4 
and six of B2 respectively, where �E of B4 is lower than that of 
B2. Thus, Si8Ge6H20 is another ground state structure as confirmed 
in Fig. 1. Similarly, Si7Ge11H24 is one ground state structure of 
SixGe18−xH24 due to seven Ge atoms of C1 in Ge18H24. Si9Ge9H24
and Si17Ge1H24 are stable (as shown in Fig. 3(a)) as there are 
two/eight Ge atoms of B4/B2 kind, respectively. There is a Ge atom 
of A5 kind and the slope of the lowest formation enthalpy changes 
at Si17Ge1H24.

There are three isomers of Ge22H28, 1D, 2D and 3D [34]. 
There are eight Ge atoms of C1 and Si8Ge14H28 is stable for 1D 
SixGe22−xH28. Due to two/ten Ge atoms of B4/B2, Si10Ge12H28 and 
Si20Ge2H28 are also stable. Similarly, Si8Ge14H28, Si10Ge12H28 and 
Si20Ge2H28 are stable for 2D SixGe22−xH28. For Ge22H28 with 3D 
geometry, Si9Ge13H28 is one ground state structure due to nine Ge 
atoms of C1. Si12Ge10H28 and Si18Ge4H28 are stable as there are 
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Fig. 3. Structural stabilities for various H-SiGeNCs. (a) Stable structures of 
SixGe18−xH24 and SixGe22−xH28 with various shapes; (b) Formation enthalpy and 
convex hull of SixGe18−xH24 and SixGe22−xH28 with various shapes.

three/six Ge atoms of B4/B2 kind, respectively. In Si18Ge4H28, there 
are one/three Ge atoms of B1/A4, respectively. Si19Ge3H28 is found 
to be more stable as �E of B1 is lower than that of A4. Therefore, 
we can find the ground state structure of H-SiGeNCs based on the 
symmetry analysis of the geometry, which are shown in Fig. 3(a) 
for details.

To verify the stable structures of H-SiGeNCs, we have obtained 
the formation enthalpy as a function of the number of Si atoms, 
where the total energies of all unique isomers are calculated 
by BEM. As shown in Fig. 3(b), the convex hull analysis shows 
that there are three stable structures for SixGe18−xH24, which are 
Si7Ge11H24, Si9Ge9H24, and Si17Ge1H24 (shown in Fig. 3(a)). Sim-
ilarly, Si8Ge14H28, Si10Ge12H28, and Si20Ge2H28 are stable struc-
tures for SixGe22−xH28 (1D/2D). There are four stable structures 
for SixGe22−xH28 (3D): Si9Ge13H28, Si12Ge10H28, Si18Ge4H28, and 
Si19Ge3H28. Thus, we have determined the stable structures of H-
SiGeNCs with various sizes and shapes.

In our previous study [33], we have found that the hydrogen 
passivants would modulate the shape of silicon-carbide nanocrys-
tals. Note that Si and C atoms are arranged orderly in silicon-
carbide nanocrystals, while Si and Ge atoms will mix randomly in 
H-SiGeNCs. To describe the structural stabilities, the Gibbs free en-
ergy difference (�G) is defined as a function of chemical potential 
of Si/Ge/H (μSi/μGe/μH):

�G = E − xμSi − yμGe − zμH
x + y + z
Fig. 4. Ground state structures for H-SiGeNCs as a function of chemical poten-
tial. (a) Phase diagram; (b) Ground state structures: 1© Ge10H16 2© Si6Ge4H16

3© Si10H16 4© Ge14H20 5© Si12Ge14H32 6© Si16Ge10H32 7© Si20Ge6H32 8© Ge35H36
9© Si6Ge29H36 10© Si30Ge5H36 11© Si35H36.

= E − x(μSi − μH) − y(μGe − μH) − (x + y + z)μH

x + y + z

= E − x�μSi−H − y�μGe−H

x + y + z
− μH

Here �G is found to be dominated by �μSi−H and �μGe−H, 
which are the relative potentials of μSi and μGe compared to μH. 
However, the value of hydrogen chemical potential will affect the 
sign of �G , corresponding to an exothermal or endothermic reac-
tion.

As shown in Fig. 4(a), we have determined the structural evolu-
tion as a function of �μSi−H and �μGe−H. With three given values 
of μH, the phase diagram remains the same and the boundaries 
between an exothermal or endothermic reaction are shown. As μH
increases, more reactions will be exothermal and the structures in 
the phase diagram will be more stable.

Fig. 4(b) demonstrates the detailed structures found in the 
phase diagram of ground state. Besides the structures of
SixGen−xHn+6 (n = 10, 14, 18, 22), we have also considered an-
other two typical H-SiGeNCs (SixGe26−xH32 and SixGe35−xH36) 
with the symmetry of tetrahedral and octahedron. Under low 
�μSi−H and �μGe−H, Ge10H16, Si6Ge4H16 and Si10H16 are stable, 
which are the ground state structures of SixGe10−xH16. As �μSi−H
increases, Si35H36 with smaller H/Si ratio than Si10H16 will become 
more stable, and Ge35H36 will be also stable with the increas-
ing of �μGe−H. The stable structures found in SixGe26−xH32 and 
SixGe35−xH36 are also in agreement with our analytical method, 
in which Ge atoms are replaced by Si atoms following the C-B-A 
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Fig. 5. Energy gap distributions of SixGe10−xH16 and SixGe14−xH20 as a function of 
Si/Ge compositions. Energy gaps of stable structures at T = 0 K are plotted in red 
for comparison.

sites as shown above. Therefore, the control of chemical poten-
tial will modulate the stable structures of H-SiGeNCs, which will 
further tune the optical properties. In our simulation, the sizes 
of H-SiGeNCs are quite smaller than those found in the previ-
ous experiments [35,36]. With the etching, Si nanocrystals have 
been reported to be with the size of 1 nm [37]. Further exper-
imental attempts might be expected to confirm our theoretical 
predictions.

3.3. Optical properties

Combined with DFT calculations and BEM, we have system-
atically investigated the structural stabilities of H-SiGeNCs with 
various sizes and shapes. The energy difference of Si-H and Ge-
H plays an important role to the formation enthalpy, providing a 
practical avenue to obtain the stable structures by the symmetry 
analysis. With different surface passivants, the energy difference of 
Si/Ge in various bonding environments (shown in Table 1) should 
be updated, and the stable structures of SiGe nanostructures can 
be obtained according to the similar analysis. Note that the con-
vex hull analysis of formation enthalpy shows the stable structures 
will occur at T = 0 K, and there will be certain probabilities of 
occurrence for all the possible isomers at room temperature. For 
nanomaterials, the properties will be tuned by the sizes, attributed 
to the quantum confinement. In addition, the atomic distributions 
of Si/Ge are found to affect the energy gaps significantly.

Based on the DFT calculations, we have obtained the energy 
gaps of all possible candidates of SixGe10−xH16 and SixGe14−xH20
as shown in Fig. 5. The gaps of Si10H16 and Ge10H16 are 4.72/4.83 
eV, respectively. Among the isomers of Si6Ge4H16, the min/max 
gap is 4.59/4.80 eV, where the structure with max gap cor-
responds to the structure with lowest formation enthalpy. For 
the SixGe14−xH20 isomers, the gaps of Si14H20 and Ge14H20 are 
4.20/4.17 eV, respectively. Note that the max gap of Si6Ge8H20 is 
4.32 eV, which is the gap maximum for all SixGe14−xH20 isomers. 
Among the Si6Ge4H16 and Si6Ge8H20 isomers, there is a general 
trend that the structures with more Si-H bonds will be more sta-
ble, corresponding to larger energy gaps. Thus, the distribution of 
Si-H and Ge-H bonds will affect the gaps of H-SiGeNCs.

In recent studies [21,22], the optical properties of nanomateri-
als are found to be dominated by the surface passivants and the 
vibration effect on the optical adsorption spectrum should be con-
sidered in theoretical simulation. We have performed the AIMD 
simulations to study the vibration effect at room temperature. For 
Si10H16, Ge10H16, and Si6Ge4H16 isomers, we have simulated the 
systems at the temperature of 300 K with the time step of 1 fs. 
The energy gap distribution as a function of time is shown in 
Fig. 6(a). For Ge10H16, both HOMO and LUMO (shown in Fig. 6(b)) 
have a large oscillation and the oscillation is much smaller for 
Si10H16. Compared to Ge10H16, the broadening of gap distribution 
for Si10H16 is smaller, which indicates a sharper peak in the opti-
cal adsorption spectrum. We have analyzed the geometry effect on 
Fig. 6. The temperature effect on the optical properties: (a) The energy gap distri-
butions in AIMD simulations. The gaps at T = 0 K are plotted with green lines; 
(b) the HOMO/LUMO energies variation in AIMD simulations; (c)The vibration of 
Si-H/Ge-H/Si-Si/Ge-Ge bonds compared to those at T = 0 K.

the gap distribution as shown in Fig. 6(c). The relative vibration of 
Ge-Ge bond is similar to that of Si-Si bond, while the one of Ge-H 
bond is almost twice of that for Si-H bond. The gap broadening 
of Si10H16 is also smaller than those of Si6Ge4H16 isomers. Thus, 
the Ge-H bonds not only modulate the gap values of H-SiGeNCs, 
but also play an important role in the optical adsorption spec-
trum.

4. Conclusions

In summary, we have systematically investigated the structural 
stabilities and optical properties of H-SiGeNCs, based on the high-
throughput first-principles calculations with structural recognition. 
We show that the total energies of H-SiGeNCs can be estimated 
by the bond energy model, which will enhance the screening of 
stable structures. The energy difference of Si-H and Ge-H plays 
an important role to the formation enthalpy, providing a practical 
avenue to obtain the stable structures by the symmetry analysis, 
as confirmed by the convex hulls of formation enthalpy from the 
first-principles calculations. The optical properties are found to be 
dominated by the vibration of Si-H and Ge-H bonds at room tem-
perature.
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