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Nucleation site of Cu on the H-terminated Si„111… surface
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First-principles quantum chemical calculations have been performed to clarify the nucleation site of Cu on
the H-terminated Si~111! surface. The adhesion energies of a Cu atom on various sites have been obtained
accurately. We have examined the following surface species as candidates for the Cu nucleation site: Si
dihydride and monohydride species, fluoride, chloride, and hydroxide species, and locally oxidized sites. The
basis set for Cu, which is one of the transition metals, has been chosen suitably. Results of our calculation
indicate that~1! a Cu atom migrates freely on the H-terminated Si~111! surface,~2! it adheres selectively on the
OH-terminated site, which is considered to exist mainly at a kink site and at the intersection of step edges, and
~3! the Cu atom adhering on the OH-terminated site easily grows to a cluster.

DOI: 10.1103/PhysRevB.64.115406 PACS number~s!: 81.10.Aj, 51.70.1f, 68.55.Ac, 81.15.Lm
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I. INTRODUCTION

In the manufacture of ultralarge-scale integrated circu
it is important to investigate Cu deposition on silicon su
strates not only to prevent contamination in the wet clean
processes but also to understand the fundamental aspe
the Cu wiring technique. As the size is scaled down and
packing density increases, devices become more sensiti
trace amounts of contaminants.1–4 Among these, the effect
of Cu contamination on submicrometer devices are es
cially detrimental.5–8 The reason is that Cu spontaneous
deposits on silicon substrates from HF solutions, which
inevitably used to expose the Si surface by etching Si di
ide prior to crucial process steps, such as gate oxidat
dopant diffusion, and epitaxial growth.

Recently, Cu was employed as the wiring material in
dual-damascene process9 to make use of its advantages
low resistivity and high resistance to electromigration. Sin
low resistivity of the wire materials will be even more im
portant for future nanostructure devices, it is necessary
understand in detail the very initial stage of Cu depositio

In the course of our attempts to form Cu nanowires10–12

by means of wet processing, which is very practical in
sense that wafer scale nanofabrication is possible, we fo
the following facts.~1! Cu nucleation occurs immediatel
after immersion and~2! the positions and number density
the nuclei remain unchanged regardless of the immer
time.12 These results were obtained in H2SO4 solution, and
also reported in HF solution.13 Therefore, the identification
of the initial Cu nucleation site on a bare silicon surface
the key issue in controling Cu deposition.

Although the details of the nucleation site and the sub
quent growth process have not been clarified yet, our exp
mental results suggested the possibility that the Si dihyd
species is the nucleation site. On the H-terminated Si~111!
surface immersed in H2SO4 solution, we found that Cu de
posited exclusively on the intersection of step edges form
a convex tip, but not on those forming a concave tip.10,11The
convex tip consists of Si dihydride species (H2Si5) and the
0163-1829/2001/64~11!/115406~6!/$20.00 64 1154
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concave tip only of Si monohydride species (HSi[). There-
fore, it is deduced that Cu deposited selectively on the
dihydride. It was also found in an experiment performed
HF solution that Cu clusters were selectively formed at k
sites of step edges, but not on the terrace.13 It should be
noted that the kink sites of step edges are composed o
dihydride species, and that the terraces are covered b
monohydride species.

In this work, in order to identify the Cu nucleation site o
the H-terminated Si~111! surface, we have calculated the C
adhesion energy on the various candidates for the nuclea
site by first-principles calculations based on density fu
tional theory ~DFT!. We selected the candidates for th
nucleation site taking the previous experimental results i
account. They are Si dihydride and monohydride species
Cl-, and OH-terminated species, and locally oxidized sites
the surface. Then, in order to see whether the Cu adhe
site identified can be the site for subsequent Cu growth,
Cu adhesion energy to the particular site was calculated

II. METHOD OF CALCULATION

A. Cluster model and method

The structure of the H-terminated Si~111! surface is sche-
matically illustrated with a ball-and-stick representation
Fig. 1. It contains an intersection of step edges denotedI
and a kink site denoted asK. The intersection is the corner o
monohydride step edges in the@112̄# and @ 2̄11# directions,
and it forms a convex triangular tip. Both the intersection
step edges and the kink contain Si dihydride species. In
calculation, Si dihydride and Si monohydride species w
represented by the Si3H3 and Si4H clusters shown by the
gray spheres~Si! and solid spheres~H! in Fig. 1~b!. Si dan-
gling bonds obtained by extracting these clusters from
structure in Fig. 1~b! were terminated by H atoms to avoi
artifacts due to excess spin in the quantum chemical com
tation. The final cluster models representing Si dihydride a
Si monohydride species used for computation were Si3H8
©2001 The American Physical Society06-1
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and Si4H10, respectively. In this connection, it is known th
the influence of the H termination is negligibly small when
atoms are located at the third nearest neighbor position
farther from the reacting atom.14–16

The cluster models for the F-terminated Si site were m
by replacing one of the H atoms in the Si dihydride mod
(Si3H8) and Si monohydride model (Si4H10) with a F atom.
The cluster models for Cl- and OH-terminated Si sites w
made in the same way. The cluster models for the loc
oxidized sites on the surface were made by inserting a
atom in a Si-Si bond of both the Si dihydride model and
Si monohydride model. In this paper, we will use the te
‘‘type D structure’’ to refer to the Si dihydride model and th
Si dihydride models modified by replacement of H with a
other species. TypeD structures exist at a kink or an inte
section of step edges. Similarly, we will use ‘‘typeM struc-
ture’’ to refer to the Si monohydride model and the modifi
Si monohydride model. TypeM structures are located on
terrace.

First-principles calculations were carried out using de
sity functional theory. Throughout this work we used t
B3LYP method ~gradient-corrected three-parameter e
change functional due to Becke17 combined with the Lee-
Yang-Parr correlation functional18!. This method is known to
yield accurate thermochemical properties for a wide vari

FIG. 1. Top view ~a! and side view~b! of the H-terminated
Si~111! surface containing an intersection~I! of monohydride step

edges in the@112̄# and @ 2̄11# directions and a kink site (K). ~a!
Filled and open circles represent H and Si atoms, respectively. B
the intersection of step edges and the kink site are composed
dihydride species.~b! Cluster models used in the calculation a
shown with gray spheres~Si! and solid spheres~H!. Filled and open
arrows indicate the clusters of Si dihydride and Si monohydr
species used in the computation.
11540
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of molecular systems in comparison with the Hartree-Fo
method and low-level perturbation methods.19 With respect
to the adhesion energy of a Cu atom, it was reported that
B3LYP method using the cluster model20–22 had satisfactory
accuracy as well as a coupled cluster calculation us
single, double, and triplet substitutions.22 Geometry optimi-
zation was executed to determine the adhesion structures
Cu atom on the various surface sites. During the geom
optimization, all Si, O, Cl, F, and H atoms were fully relaxe
and only H atoms terminating excess Si dangling bonds w
fixed at ideal crystalline positions. The adhesion ene
(Ead) of a Cu atom is defined as the energy released upon
atom adhesion to the substrate. It is computed as the en
difference between the infinitely separated state and the
hesion state. The energy of the infinitely separated state is
sum of the energies of the substrate and the isolated Cu a

B. Basis set

The basis functions used for Si, H, F, Cl, and O ato
were the polarized split-valence-type basis set 6-31G**. F
the following two reasons, a larger basis set 6-3111G* was
chosen for Cu. First, a broadd-type Gaussian function~dif-
fuse function! should be contained in the basis set to rep
duce correctly the electron configuration of the Cu ato
Basis sets without a diffuse function erroneously yield t
electron configuration of the Cu atom as@Ar#3s23p63d94s2,
which is different from the correct configuration o
@Ar#3s23p63d104s1. In such cases, the energy of the isolat
state~the reference energy! is overestimated, and this caus
a spurious adhesion energy. Second, among the basis
with a diffuse function, one needs to use a basis set as l
as possible to obtain the adhesion energy accurately. In
some small basis sets such as 3-211G* also yield spurious
adhesion energies even though they have diffuse functi
We have calculated many potential energy curves using v
ous basis sets to judge the proper size of the basis set.
potential energy curves did not change with the size of ba
sets larger than 6-3111G*. Hence, we decided to emplo
6-3111G* for the Cu atom.

III. RESULTS AND DISCUSSION

A. Cu adhesion to the H-terminated sites

First of all, we compared the adhesion energy of a
atom to the Si dihydride species at the kink site with that
the Si monohydride species on a terrace. Figures 2~a! and
2~b! show the most stable positions of a Cu atom on the
dihydride and the Si monohydride species, respectively.
both structures, the Cu atoms are located at a distance a
1.9 Å from the H atom along the extended line of the Si
bond. There are no other stable sites around the Si atom
shown in Table I, the adhesion energies of a Cu atom
0.078 eV for the Si dihydride species and 0.088 eV for the
monohydride species. These values are of the same ord
magnitude as a typical energy of van der Waals interact
Consequently, the adhesion of a Cu atom to the H-termina
Si~111! surface can be regarded as physisorption. In addit
there is no potential energy barrier on the path from an i

th
Si

e
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nite distance to the most stable position. This means tha
potential barrier to the migration of Cu atoms on t
H-terminated Si~111! surface is small, below 0.088 eV. I
this connection, it is known that the potential barriers to
or Ag migration on the H-terminated Si~111! surface are ex-
tremely small.23,24 This result indicates that Cu atoms eas
migrate on the H-terminated Si~111! surface until they are
trapped by particular adhesion sites as discussed later. Th
consistent with our experimental results.12

B. Cu adhesion to the F-, Cl-, and OH-terminated sites

In this section, the Cu adhesion energy on sites where
H atom of Si dihydride and Si monohydride is substituted
other species is discussed. First, we explain why we disc
the adhesion energy of a Cu atom to the OH-terminated
In the process of preparing atomically flat H-terminat
Si~111! surfaces, selective etching of Si dihydride species
pH 8 buffered hydrofluoric acid~BHF! is used.25 In the BHF
solution, once the Si dihydride at the kink of the step edg
selectively removed, the neighboring Si monohydride is c
verted to Si dihydride. The newly formed Si dihydride
further attacked, resulting in a progressive etching along

FIG. 2. The most stable atomic configurations of the adhes
state of a Cu atom on the Si dihydride~a! and the Si monohydride
species~b!. Bond lengths are shown in angstroms.

TABLE I. Adhesion energies of a Cu atom on Si surface si
terminated with various species.

Site Ead ~eV! Figure

H termination TypeD 0.078 ~0.049!a Fig. 2~a!

Type M 0.088 ~0.060! Fig. 2~b!

F termination TypeD 0.114 (20.008) Fig. 3~a!

Type M 0.109 (20.005) Fig. 3~b!

Cl termination TypeD 0.029 ~0.005! Fig. 3~c!

Type M 0.021 ~0.001! Fig. 3~d!

OH termination TypeD 0.271 ~0.164! Fig. 3~e!

Type M 0.277 ~0.159! Fig. 3~f!
Si-O-Si TypeD 0.101 ~0.033! Fig. 4~a!

Type M 0.119 ~0.055! Fig. 4~b!

aNumerical values in parentheses are BSSE-corrected results.~see
text!.
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step edge. This process is called step-flow etching. I
known that the etching mechanism consists of oxidization
OH2 and subsequent anisotropic etching by H2F2. Hence,
the H atom of the Si dihydride species can be replaced w
a OH group more easily than the H atom of the Si mono
dride species. The reason for choosing F- and Cl-termina
sites is as follows. F is a very common species in etcha
and Cl was found to enhance Cu deposition in solution.26

Figure 3 shows the most stable atomic configurations
the adhesion state of a Cu atom on sites terminated by F
and OH. We have considered two types of structure for e
kind of terminating species: one is the structure suppose
exist at the kink site@type D; Figs. 3~a!, 3~c!, and 3~e!# and
the other is the structure at the terrace@type M; Figs. 3~b!,
3~d!, and 3~f!#. As in the previous calculations for th
H-terminated species, the Cu atom adheres to the te

n

s

FIG. 3. The most stable atomic configurations of the adhes
state of a Cu atom on sites terminated by fluorine~a,b!, chlorine
~c,d!, and the hydroxyl group~e,f!. We considered two types o
structure for each kind of terminating species; one is the struc
supposed to exist at the kink site~typeD, left column! and the other
that at the terrace~type M, right column!.
6-3
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K. TATSUMURA et al. PHYSICAL REVIEW B 64 115406
nating species, not to the Si atom. There are no poten
energy barriers on the paths from an infinite distance to th
positions.

For the fluorinated sites, the Cu atom is located at a
tance of 2.45 Å from the F atom, making an angle of ab
150° with the Si-F bond as shown in Figs. 3~a! and 3~b!. The
adhesion energy for both sites has the same value of 0.11
Therefore, there is no preferred position between the k
site and the terrace site. The adhesion energy is slig
larger than that for the H-terminated species by 0.03 eV,
the difference is very small and only of the order of t
thermal energy at room temperature~0.026 eV!.

For the chlorinated sites, the adhesion energies and
distance from the Cl atom are 0.029 eV and 3.12 Å for
typeD site@Fig. 3~c!#, and 0.021 eV and 3.20 Å for the typ
M site @Fig. 3~d!#. These energies are very small and nea
equal to the thermal energy at room temperature. Theref
the Cu atom is not stable on both Si fluoride and Si chlor
species.

For the hydroxide sites, a Cu atom adheres to the O a
more strongly than to the other terminating species. In
adsorption state shown in Figs. 3~e! and 3~f!, the Cu atom is
located near the O atom. The adhesion energy and the
tance from the O atom are 0.271 eV and 2.15 Å for the ty
D site @Fig. 3~e!#, and 0.277 eV and 2.14 Å for the typeM
site @Fig. 3~f!#. This result means that the Cu atom binds
the O atom forming a weak chemical bond. The adhes
energies for these sites are larger than for H termination
about 0.2 eV. This energy difference is much larger than
thermal energy at room temperature. Considering that th
atom of Si dihydride is easily replaced by the OH group
mentioned above, Cu atoms migrating freely on t
H-terminated Si~111! surface will adhere selectively to th
OH species, which exist preferentially at kink sites and
intersections of step edges.

There is another possibility for Cu to form a chemic
bond with an O atom in locally oxidized sites. We estimat
the adhesion energy of a Cu atom on locally oxidized s
on the H-terminated Si~111! surface. Figure 4 shows th

FIG. 4. The most stable atomic configurations of the adhes
state of a Cu atom on a locally oxidized site.~a! The back bond of
Si dihydride is oxidized.~b! The back bond of Si monohydride i
oxidized.
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most stable positions of the Cu atom adhered to the oxidi
sites. Figure 4~a! shows the modified Si dihydride model i
which one of the back bonds is oxidized. In Fig. 4~b!, the
back bond of Si monohydride is oxidized. In the adhes
state, the Cu atom is located near the O atom. This is v
similar to the Cu adhesion state on silica obtained by Lo
et al.20 It is also similar to the case of OH termination. How
ever, the Cu-O distances are longer than those of OH te
nation and the adhesion energies become smaller: the en
gain is 0.101 eV for the typeD site and 0.119 eV for the type
M site. Consequently, the Cu atom adheres selectively o
on the OH-terminated site among the possible species on
H-terminated Si~111! surface.

C. Cu adhesion to the Cu atom binding to the
OH-terminated site

In order to understand the subsequent growth mechan
of a Cu cluster after the nucleation of the first Cu atom,
performed a further geometry optimization calculation to
timate the adhesion energy of the second Cu atom on the
Cu atom already adhered to the OH-terminated typeD site.
In the most stable structure, the two Cu atoms combine w
each other by the orbital overlap of two 4s electrons. The
energy gain is 2.16 eV. Consequently, the Cu atom nuclea
on the OH species grows easily into a cluster.

It was reported that the etching rate of the H-termina
Si~111! surface decreased when Cu ions were containe
the BHF solution.13 From our calculation results, this phe
nomenon can be explained as follows. As mentioned abo
the OH-terminated Si is a target of the etchant (H2F2) dur-
ing the BHF etching process. However, if Cu ions are co
tained in the etchant, the Cu nucleates preferentially at
OH-terminated site, and protects the target against the at
of the etchant. Thus the step-flow etching of the surface
pinned.

It is well known that triangular etch pits that are one b
layer deep and surrounded by monohydride step edges
observed on H-terminated Si~111!. They are formed initially
by the attack of dissolved O2,27 and subsequently by an an
isotropic, step-flow etching process. Therefore, as mentio
above, there are also Si dihydride species at the sidewal
the etch pit. Based on our calculation results, it is conclud
that the triangular etch pits on the H-terminated Si~111! may
also become a Cu nucleation site as well as intersections
kinks of step edges.

D. Calculation accuracy

The adhesion energies estimated in our work are v
weak, so there is a concern for the effect of the basis
superposition error~BSSE!. The BSSE spuriously lowers th
calculated interaction energy of two clusters because in
vidual clusters with an incomplete basis set are better
scribed in terms of energy stabilization by utilizing the ba
functions of the interaction partner.28–30Numerical values in
parentheses in Table I show the adhesion energies with B
correction by means of the counterpoise method propose
Boys and Bernardi.28 It has been pointed out by man
authors31–33 that the counterpoise correction is, in principl
an overestimate, and the adhesion energy corrected by
method should be regarded as the minimum value of

n
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adhesion energy at the B3LYP level. For all termination s
cies, the effects of the BSSE for a Cu atom are extrem
small, less than 0.005 eV. This confirms that the size of
basis set employed for Cu is large enough. The BSSE h
relatively large effect on F-terminated clusters. The correc
adhesion energies become negative because of the ove
mate in the counterpoise correction. The corrected adhe
energies for Cl-terminated species are almost zero. Th
fore, it is deduced that the Cu atom has almost no interac
with Si fluoride and Si chloride species. After correction f
the BSSE, the adhesion energies of a Cu atom for the
droxide site are still larger than for any other species at le
by 0.1 eV. Consequently, the conclusion that Cu atoms nu
ate at the OH-terminated sites and grow into a cluste
unchanged after the counterpoise correction.

Since the interactions are weak, the size and shape o
cluster may influence the energy and site of Cu adhesio34

We have performed preliminary calculations using larg
clusters for Si monohydride (Si13H7) and dihydride species
(Si16H9). For the larger clusters, the Cu atom is located
the H atom terminating the Si surface as seen for the sm
cluster. With respect to the adhesion energy, the differe
between the large and small clusters is very small, only
the order of 0.001 eV. Therefore, we consider that the dep
dence on the cluster size is sufficiently small.

It is reported that DFT generally underestimates the d
persive energy,35 so our calculation may contain some err
in the estimation of the dispersive interaction. However,
conclusion is consistent with many experimental facts, an
is most convincing at this stage.

IV. CONCLUSION

We performed a first-principles calculations using dens
functional theory to investigate the nucleation site of Cu
,

, J
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the H-terminated Si~111! surface. The adhesion energies o
Cu atom on the H-, F-, Cl-, and OH-terminated sites a
locally oxidized sites were calculated. The adhesion ene
for OH-terminated Si is the largest~0.27 eV! of all, while
those for the other sites are 0.12 eV at highest. The ene
gained upon adsorption of the second Cu atom to the first
atom nucleated on the OH-terminated species is very la
~2.16 eV!. These results lead to the following two concl
sions. First, the Cu atom does not adhere to the id
H-terminated Si~111! surface, even if step edges and kin
sites exist on the surface, that is, the Cu atoms migrate fr
on the surface. Secondly, Cu atoms nucleate at O
terminated sites and grow into clusters there. The Cu clus
tend to be deposited selectively at kinks and the intersect
of step edges because OH-terminated species mainly
there. These calculations are consistent with many exp
mental facts reported so far.
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