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Density-functional calculations in the generalized gradient approximation were performed for the struc
tures and energetics of small hydrogenated silicon clusters: Si6 Hx (0 :::; x :::; 14). We found that 
hydrogenation causes the Si6 cluster undergo an abrupt structural change from compact (x :::; 6) to 
open (x ~ 8) geometries. Relative stabilities of the Si6Hx clusters are discussed based on calculated 
formation energies. 

1. Introduction 

The structures of small silicon clusters (Sin) 
are well known to favor compact forms whose 
bonding characters are qualitatively different 
from a tetrahedral bonding network in a bulk 
diamond structure [1,2). However, those of the 
hydrogenated clusters (SinHx) have been lit
tle understood except some cases of hydrogen
saturated ones [3,4], because partial hydrogena
tion of the Sin clusters provides much more com
plicated structures than the pure silicon counter
part. 

Hydrogenated silicon clusters have been 
known as byproducts during chemical vapor de
position of silicon in a silane plasma. Mandich et 
al. [5) and Raghavachari [6) studied the reaction 
of SinHt clusters (n up to ....... 4) with SiH4, and 
found that they are grown incrementally such 
that Sin-lHt + SiH4--+ SinHt + H2. Murakami 
and Kanayama [7] used hydrosilicon radicals in
stead of SiH4 to produce larger clusters with n up 
to 10. The latter case showed that stabilities of 
those clusters are very sensitive to the coverage 
of the ·hydrogen atoms. 

The hydrogenated silicon clusters have been 
also regarded as a model of porous silicon [8]. 
However, most theoretical studies along this line 
have been limited to fragments of a bulk silicon 
crystals with dangling bonds fully saturated with 
H [3,4]. 

The purpose of this study is to investigate the 
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effect of hydrogenation on the structure of small 
silicon clusters. Our primary interest is in the 
structure evolution of a silicon cluster as a func
tion of the coverage of hydrogen atoms. We con
sider neutral SinR, clusters with n = 6 and allow 
x to vary in a wide range, x = 2, 4, 6, 8, 10, 12 and 
14. 

2. Method of calculation 

The calculations were performed using the 
density functional theory in its plane-wave pseu
dopotential formulation [9) and generalized gra
dient approximation (GGA-PW'91) [10]. We 
adopted the Vanderbilt ultrasoft pseudopoten
tial [11] for the 1s state of H and the Troullier
Martin-type of pseudopotential [12) for Si. The 
wave functions were expanded with a cutoff of 
Epw=12.25Ry. In all the optimizations the 
clusters were placed in a cubic cell with edge 
length of 16A and structure optimization was 
symmetry unrestricted. Test calculations for 
a Si2H6 molecule reproduced the experimental 
bond lengths as well as angles with relative er
rors less than 0.5%. 

3. Results and discussion 

Before proceeding to the result of hydro
genated silicon clusters, we compare the struc
ture of the Si6 cluster obtained in the present 
study (see Fig.1(a) and Table I) with those pre-



viously calculated [1,2]. First of all, we con
firmed that the use of the current plane-wave 
basis set gave accurate atomic positions, because 
they were essentially the same as those optimized 
by using the localized orbitals, except isotropic 
shrinkage of the cluster by ...... Q.02 A. 

Our structure is an edge-capped trigonal 
bipyramid, similar to that obtained at the HF /6-
31G* level of theory [1]. A major difference is 
that the bond distances of the atoms 1 and 3 
from the atoms 5 and 6 are much shorter than 
those from the atom 2 in our calculation while 
the length ordering is opposite in the HF /6-31G* 
structure. This bond-length ordering becomes 
the same as our DFT results if the second-order 
M0ller-Plesset perturbation is taken into account 
[2]. 

We now turn to investigation of calculated 
structures of Si6Hx clusters. The minimum
energy configurations obtained in this study for 
Si6Ho-6 and Si6H8-14 are illustrated in Fig.l 
and Fig.2, respectively. The structures of the 
Si6Hx clusters with x:::::; 6, shown in Fig.l, have 
a common aspect that the basic skeleton of sili
con atoms is that of Si6. 

Attachment of hydrogen atoms is systematic in 
the sense that each apex of the bare Si6 cluster 
is terminated one after another. 

TABLE I. Structure parameters (in A) of Sis in 
Fig.1( a). 

atom pair DFTla DFT2b HFC MP2d 
1-2 2.63 2.61 2.364 2.73 
1-5 2.38 2.37 2.442 2.36 
2-3 2.52 2.50 2.73 
2-5 2.42 2.40 2.435 2.36 
4-5 2.36 2.34 2.323 2.36 
5-6 2.70 2.68 2.651 2.69 

aThis work. bCalculated with LCAO [19]. eRe£. [1]. 
The basis set used is 6-31 G *. dThese bond lengths 
were reproduced in this study by using the 6-31G* 
basis set [18], because they are not shown in Ref. [2]. 
Note that the MP2/6-31G* optimized structure has 
D4h symmetry about the bond between the atoms 5 
and 6. 
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(a) Si6 

(d) Si6H6 
FIG. 1. Ball-stick models of the structures of 

Si6H0-6 clusters optimized in this study. Open and 
closed circles represent Si and H atoms, respectively. 

In the case of Si5H4 (Fig.1( c)) and Si6H6 
(Fig.1(d)), SiH2 units with the sp3-like configu
ration are formed. However, formation ofSiH2 in 
Si6 H2 is unfavorable, total energy of a structure 
containing one SiH2 unit being ...... Q.l eV higher 
than that of the structure shown in Fig.1(b). We 
also found that a geometry of Si6 H2 in which two 
hydrogen atoms are attached to Si( 1) and Si( 3) is 
0.55 eV higher in energy than the one in Fig.1(b ). 

It is interesting to compare our optimized 
structures with those previously considered. 
Quantum chemical calculations [13,14] have sug
gested that hexasilaprismane may be energeti
cally favorable. We found that the structure in 
Fig.1( d), which has not been investigated pre
viously, is 0.34 eV lower in energy than hexasi
laprismane. Hexasilabenzene, a silicon analogue 
of benzene (C6H6) [15], has in our calculation 
higher energy by 0.69 eV than that of hexas
ilaprismane, in reasonable agreement with the 
value 0.412eV (13) or 0.581eV [16], obtained in 
quantum chemical calculations. 



(a) Si6H8 

FIG. 2. The structures of Si6Hs-14 clusters opti
mized in this study. 

For x 2:: 8 (Fig.2), the structures ofSi6Hx clus
ters are drastically different from those for x ::::; 6. 
All silicon atoms in the clusters in this regime are 
fourfold coordinated and terminated with either 
one or two hydrogen atoms. Figure 2(a) shows 
the structure of a Si6H8 cluster with the lowest 
possible energy in our calculation. For x=10, 
bicyclo[2.2.0]hexasilane in Fig.2(b) was found to 
be the lowest-energy isomer, in agreement with 
the calculation by Nagase et al [17]. For x=12, 
cyclohexasilane (Fig.2(c)) has the lowest energy, 
as expected. 

We further studied relative energetics between 
a fully saturated chain-like structures of Si6H14 
and Si6H12 (cyclohexasilane, Fig.2(c)). For this 
purpose we used a 16Ax16Ax24A supercell and 
performed the structure optimizations of both 
clusters. The total energy of Si6H14 is 0.1eV 
lower than that of cyclohexasilane with a H2 
molecule. However, contributions of zero-point 
energies of H atoms reverse the energy ordering: 
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the latter becomes lower in energy than the for
mer by about 0.05eV. We also found that the 
chain-like structures of Si6Hl4 are nearly degen
erated within the energy range of "'0.1eV irre
spective of the number and position of the side 
chains. 

Finally, we show the results of relative stability 
of the clusters. Figure 4 shows the formation 
energy of the optimized Si6Hx clusters. We took 
a mixture of the optimized Si6 cluster and H2 
molecules as a reference of the formation energy. 

Obviously, formation of Si6Hx clusters with 
larger coverages of hydrogen is more favorable. 
However, formation ofSi6H14 is slightly unfavor
able against formation of a mixture of cyclohex
asilane and H2 , as described above. Although 
we have not calculated the formation energies of 
the Si6Hx clusters with x 2:: 16, it is highly ex
pected that further hydrogenation would lead to 
insertion of H atoms in the Si-Si bonds, whose 
formation is no longer energetically favorable. 

There is yet another aspect of the formation 
energy curve. In the range 2 ::::; x ::::; 10, they 
are always above the straight line connecting 
the formation energies at x=O and x=12 (dot
ted line in Fig.5) although the one for x = 2 
deviates only slightly. Since this straight dotted 
line represents the formation energy of a system 
where Si6 and Si6H12 clusters coexist, defined as 
£ coexist( ) _ (12-x)Etorm(x=O)+xEtormCx=12) we 

form X - 12 ' 
can say that creation of Si6Hx clusters ( 4 ::::; x ::::; 
10) is energetically less favorable than coexis
tence of Si6, Si6H12 and perhaps Si6H2 clusters. 
Although this feature is specific to the situation 
in which neutral Si6Hx clusters are in equilibrium 
with a reservoir of H2 molecules, it may provide 
an interesting insight into the relative stabilities 
of these clusters. 

If one attempts to make the theoretical con
siderations more realistic, then it would be at 
least necessary to extend the present calculation 
to ionized clusters. Investigations of transition 
states during the incremental growth should also 
be important. Moreover, some dynamical as
pects, such as effects of hydrogen abstraction, 
collision of rare-gas buffer, and AC acceleration 
on electronic and geometric structures of the 
clusters might be key factors to govern the ob
served mass populations [7]. 



Number of H Atoms 

FIG. 3. Calculated ormation energy of SisHx clus
ters as a function of x. 

4. Conclusions 

In conclusion, we performed first-principles 
calculations on stable structures and energetics 
for hydrogenated silicon clusters: Si6H.,. Hy
drogenation of silicon clusters categorizes their 
structures into two distinct families. In the low
coverage cases (x ~ 6), the structures essentially 
belong to a family characterized by a compact 
geometry of a Si6 cluster. On the other hand, in 
the cases of higher coverages (x 2:: 8), the clus
ters are transformed into more open structures. 
Calculated formation energies suggest coexis
tence oflow-coverage (Si6, Si6H2) and hydrogen
saturated (Si6H12) clusters in the atomsphere of 
H2 molecules. 

T.M. thanks Zhi-Hua Liu for kindly calculat
ing the structure of the Si6 cluster by using the 
DMol program. This work has been partly sup
ported by the New Energy and Industrial Tech
nology Development Organization (NEDO). 

[1] See, for example: K. Raghavachari and 
V. Logovinsky, Rhys. Rev. Lett. 55, 2853 
(1985); K. Raghavachari, J. Chem. Phys. 83, 
3520(1985); K. Raghavachari, J. Chem. Phys. 
84, 5672(1986). 

[2] E.C. Honea, A. Ogura, C.A. Murray, K. 
Raghavachari, W.O. Sprenger, M.F. Jarrold and 

445 

W.L. Brown, Nature 366, 42(1993). 
[3] G. Onida and W. Andreoni, Chem. Phys. Lett. 

243, 183(1995). 
[4] S.Y. Ren and J.D. Dow, Phys. Rev. B45, 

6492(1992); T. Uda and M. Hirao, J. Phys. Soc. 
Jpn. 63, 97(1994); C.Y. Yeh, S.B. Zhang and A. 
Zunger, Phys. Rev. B50, 14405(1994). 

[5] M.L. Mandich, W.D. Reents, Jr. and M.F. Jar
rold, J. Chem. Phys. 88, 1703(1988); M.L. 
Mandich, W.D. Reents, Jr. and K.D. Kolen
brander, J. Chem. Phys. 92, 437(1990); M.L. 
Mandich and W.D. Reents, Jr., J. Chem. Phys. 
95, 7360(1991 ). 

[6] K. Raghavachari, J. Chem. Phys. 88, 1688 
(1988); K. Raghavachari, J. Chem. Phys. 92, 
452(1990); K. Raghavachari, J. Chem. Phys. 95, 
7373(1991). 

[7] H. Murakami and T. Kanayama, Appl. Phys. 
Lett. 67, 2341(1995). 

[8] L.T. Canham, Appl. Phys. Lett. 57, 1046(1990). 
[9] M.C. Payne, M.P. Teter, D.C. Allan, T.A Arias 

and J.D. Joannopoulos, Rev. Mod. Phys. 64, 
1045(1992). 

[10] J.P. Perdew, J.A Chevary, S.H. Vosko, K.A. 
Jackson, M.R. Perderson, D.J. Shingh and C. 
Fiolhais, Phys. Rev. B46, 6671(1992). 

[11] D. Vanderbilt, Phys. Rev. B41, 7892(1990); K. 
Laasonen, A. Pasquarello, R. Car, C. Lee and 
D. Vanderbilt, Phys. Rev. B47, 10142(1993). 

[12] N. Troullier and J.L. Martins, Phys. Rev. B43, 
1993(1991). 

[13] S. Nagase, T. Kudo and M. Aoki, J. Chem. Soc., 
Chem. Commun., 1121(1985). 

[14] A. Sax and R. Janoschek, Angew Chem. Int. Ed. 
Engl. 25, 651(1986). 

[15] D.A. Clabo, Jr., H.F. Schaefer III, J. Chem. 
Phys. 84, 1664(1986). 

[16] S. Nagase, T. Kudo and M. Aoki, J. Chem. 
Phys. 86, 4513(1987). 

[17] S. Nagase and T. Kudo, J. Chem. Soc. Chem. 
Commun., 54(1988). 

[18] Gaussian 92, Revision G.2, M. J. Frisch, G. W. 
Trucks, M. Head-Gordon, P. M. W. Gill, M. W. 
Wong, J. B. Foresman, B. G. Johnson, H. B. 
Schlegel, M. A. Robb, E. S. Replogle, R. Gom
perts, J. L. Andres, K. Raghavachari, J. S. Bink
ley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. 
Defrees, J. Baker, J. J. P. Stewart, and J. A. 
Pople, Gaussian, Inc., Pittsburgh PA, 1992. 

[19] DMol User Guide, version 2.3.5. San Diego: 
Biosym Technologies, 1993. 


