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This letter reports a mechanism of chemistry-mediated two-dimensional to three-dimensional
(2D-3D) transition during In thin film deposition, and the corresponding evolution of nanoscale
islands. Using magnetron sputtering technique, we deposit In on Au substrate. Despite the fact that
In wets on Au, In islands prevail over the uniform film soon after the deposition starts. The 2D—-3D
transition is found to be a result of the formation ofghuon the Au substrate. The alloy formation
leads to nonwetting of In, thereby the high mobility of In atoms and In clusters, and eventually
well-separated In islands. The structures of In and Au are characterized by scanning electron
microscopy, transmission electron microscopy, and electron diffractio20@ American Institute

of Physics[DOI: 10.1063/1.1767595

Three-dimensiona(3D) islands may develop from the mation through a 2D—3D transition. In contrast, chemistry
start of deposition or from a uniform two-dimensior{aD) leads to 3D islands formation from the start only, but has not
thin film during deposition, because of strain energly.het-  been known to lead to 2D—3D transitions.
eroepitaxy, strain may develop in the film due to film— This letter reports an experimental observation of
substrate mismatch. Initially, the film grows layer-by-layer orchemistry-mediated transition of 2D—-3D growth modes. The
in 2D mode. As the strain energy, which increases with filmmaterials system is In film on Au substrate, which is prede-
thickness, builds up to a critical value, the film growth goesposited on Sil11) or glass or carbon film. The experimental
through a 2D-3D transition and islands form to release theonditions are briefly summarized as follows. The magnetron
strain energﬁ. Quantum dots, also called artificial atoms, sputtering deposition chamber is maintained at a base pres-
self-organize through this 2D—3D transition and patternsure of 5.0<10°8 Torr and a working pressure of 2.5
themselves to minimize the strain enefguch transition is X 1073 Torr through mechanical and turbo pumping. The
of great interest both scientifically and technologicallp  sputtering power for indium and gold films are 25 and 10 W,
addition to the strain energy, nonwetting also leads to islandeespectively. The chamber is filled with 99.999% Ar, flowing
formation, if film and substrate atoms dislike each otfwer  into the chamber at a rate of 10 sccm. The targets are a block
interact weakly. As a film is deposited on a nonwetting sub- of 99.997% indium and a block of 99.999% gold, and are
strate, the film atoms try to minimize the number of bondssputter cleaned in Ar gas for 5 min before deposition. The
with the substrate and maximize that with other film atomssubstrate, which is about 9 cm away from the target, is an
Consequently, islands develop and 3D growth mode prevails-type S{111) wafer or glass or carbon film. In all cases, the
at the beginning. Even if a substrate is initially wetable, wafer is cleaned ultrasonically in alcohol and then acetone.
preprocessing may lead to the formation of a chemical comThe deposition rates for In and Au are about 2.5 and
pound which is nonwetting to the filhA familiar example 1.0 nm/s, respectively; the deposition rates are estimates
of the nonwetting phenomenon is oil droplet on water surbased on film thickness measurement. The films are charac-
face; the oil does not wet water and remains in droplet or 30erized using scanning electron microscof$EM, JEOL
form. Summarizing the two mechanisms of 3D islands for--6300P, transmission electron microscopyTEM,JEOL
mation, we note that strain may lead to either 3D islands2010P, and the accompanying electron diffraction tech-
formation from the start of deposition or to 3D islands for- nique.

Shown in Fig. 1a) is an SEM image of In islands,
¥Author to whom correspondence should be addressed: electronic maiformed after 60 s of In deposition on an Au substrate of
hanchen@rpi.edu approximately 30 nm, which is predeposited for 30 s on the

0003-6951/2004/84(26)/5401/3/$20.00 5401 © 2004 American Institute of Physics
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FIG. 2. SEM images of In islands on Au substrate, atd015 (b), 20(c),
and 25%d) s. The insets are expanded views of islands.

from the configuration of Fig.(2) to that of Fig. Zb). In Fig.
2(b) (insey, coalesced clusters are not fully merged yet. The
— islands grow in size as deposition continues to 20 s. Further,
(p) SOnm new In clusters start to form on top of the islands, as shown
_ , _ in the inset of Fig. &). The new clusters grow as deposition
FIG. 1. (a) SEM image of In islands deposited on Au substrate at roomeqantinyes to 25 s, and they look like crystal nugtéie inset
temperaturg(at 60 9, with the expanded view of islands included as an . . .
inset.(b) Cross-section TEM image of an island, with the SAED patterns as_Of Fig. 2d)]. These r_‘uc!el e_ventually grow '”tF) the faceted
insets; the left inset is theoretical and right experimental. islands as seen earlier in Figal The faceted islands may
serve as nuclei of future nanorods growth, but they are not
the focus of this letter. Instead, the focus here is the mecha-
Si(111) substrate. These nanoscale islands are about 500 nalsm of the 2D—3D transition.
in diameter and 1000 nm away from each other. Further, the The first possible mechanism is the conventional
islands are covered with faceted surfaces, as shown in t@D—3D or Stranski—Krastanov growth. According to this
inset of Fig. 1a). A cross-section TEM image of one In scenario, the In film at 5 s is uniform. At 10 s the strain
island is shown in Fig. (b). The accompanying selected areaenergy stored in the 25 nm In film and the 30 nm Au film
electron diffraction(SAED) pattern is shown as the right must have reached a critical value, so the In film goes
inset. The set of bright spots correspond to fB61] axis, through a 2D—3D transition. Like in our earlier reports of Cu
and another set of weak spots corresponfiitt] axis. For ~ films," intrinsic strain may build up to facilitate the transi-
easier comparison, the theoretical diffraction spots along th#on. Not knowing the precise magnitude of strain energy, we
[201] axis are shown as the left inset. The agreement of theg@sted its effects, by depositing either thicker Au film on the
two electron diffraction patterns shows that the In island is 82U substrate or much thicker In film on a($11) substrate.
single crystal 0of201] along the electron beam, with minute If intrinsic strain energy is the driving force of the 2D—3D
amount of grains of110] and other orientations. The non- fransition, it shogld glso lead to similar transition in thesg
[201] grains are probably the clusters that merged at thdwo cases, in which films are th_lcker and thereby total strain
early stage, as shown in Fig(c. Similar results of In is- energy 1S Iarge_:r. _AS shown in Figs(& and 3b), the 60 nm
lands evolution are obtained when the Au substrate is predé! film has similar surface morphology as the 30 nm Au
posited on either glass or carbon film, indicating that the Au
plays the decisive role. In the following, the analysis will
focus on In-Au without regard to the supporting wat&i,
glass, or carbon film
To understand the formation process of these islands, we
examine the In deposition as a function of time. Shown in
Fig. 2 are SEM images of the In film at about 10, 15, 20, and
25 s, respectively. The In film at 5 s is either uniform or in
the form of islands that are too small to be visible. The SEM
image at 5 s looks the same as the Au substrate—to be dis-
cussed in more detail later. Clusters of about 50 nm in diam-
eter form at 10 s; as a convention, clusters are smaller than
islands in this letter. Subsequently, the clusters segregate to
form islands of about 200 nm by 15 s. The coalescence of
these clusters indicates that they are highly mobile. Indeeg . 3. SEM images ofa) 30 nm and(b) 60 nm Au films; andc) 75 nm
the high mobility is a necessary condition for the transitionand(d) 150 nm In films on Sil11) substrate.
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FIG. 4. Dimer interaction energy vs separation of the two participating

atoms. - All(400)

Au(222)

film (substratg both being uniform. In passing, our x-ray
diffraction data show that the Au film is primarily @f11)
texture, as often observed. Compared to In, Au is much
stiffer and has higher strain energy density for a given intrin-
sic strain. The absence of 2D—3D transition is an indication
that strain energy is not the driving force of the transition in
Fig. 2. In parallel to the thicker Au film, a thicker In film is
also deposﬂed on G_lll) 'substrate. The In f!lm '_S uniform FIG. 5. (a) Cross-section TEM image of the In film at 5 s, with expanded
up to 75 or 150 nm in thickness, as shown in Fig&) &nd  views of Au and Ayln as insets; aneb) the corresponding in-plane diffrac-
3(d). Again, the absence of 2D—3D transition indicates thation rings.
strain energy is not responsible for the transition in Fig. 2.

The alternative driving force of the 2D—-3D transition is ] ] )
the nonwetting substrate. But it is known that In and AuStrain energy nor the conventional nonwetting. Rather, the
form alloys and should wet each other. Qaly initio calcu- transition is chemistry-mediated. The initial 2D growth is
lations also show that In—Au interaction is stronger thandssociated with the Aln formation. Once this process is
In—In or Au—Au interaction. The binding energy ratio of complete, the original wetting substratéu) turns into a
In—Au, Au—Au, and In—In dimers is 1.00:0.77:0.50, and honwetting substratéAusln) for In deposition. The chemical
energy-separation curves are shown in Fig. 4. The calculdormation of Awln triggers the transition of In growth from
tions are based on the same method as in Ref. 8, with a largzD to 3D.
supercell containing two atoms of variable separation. The Before closing, a comment on the technological implica-
binding energy difference is within 0.8% when the supercelltion seems warranted. In addition to the scientific value, the
goes from 330X 60 a.u. to 440X 80 a.u. in dimen- mechanism of chemistry-mediated 2D—3D transition may be
sion; the supercell is longer along the dimer. The formatiorbeneficial to the growth of nanorods. The single crystal In
of alloys and theab initio calculations confirm that In does islands may serve as nuclei of nanorods growth. The realiza-

wet on Au substrate. Then, there seems to be no conventiongbn of this technological implication remains to be explored.
mechanism to explain the observed 2D-3D transition.

To positively identify the mechanism of In 2D—3D tran- ~ The work at Hong Kong was supported by grants from
sition, we examine the film—substrate interface structureshe Research Grants Council of the Hong Kong Special Ad-
Knowing the island structurérig. 1), we now focus on the ministrative Region(PolyU 5309/03E and 5312/03E, and
film structure that leads to the island formation. The crossHKUST 6165/01F. The work at Rensselaer Polytechnic In-
section TEM image of the film after deposition of §Rig.  stitute was partially supported through the Focus Center—
5(a)] shows two distinctive layers on top of the Si substrate New York, Rensselaer: Interconnections for Gigascale Inte-
It is natural to attribute the middle layer to Au, since Au is gration.
deposited. Indeed, the lattice spacing of 0.235 nm corre-
sponds to that of A@11) plane, confirming the middle layer ;v. A. Shchukin and D. Bimberg, Rev. Mod. Phyg1, 1125(1999.
being Au. The top layer can be either In or one of the many K- Brunner, Rep. Prog. Phys5, 27(2002.

In—Au alloys. The in-plane electron diffraction pattern of the (Jigggsc’ﬂ’ C. Teichert, and M. G. Lagally, Phys. Rev. Let6, 1675
al_’ea in Fig. &‘) _ShOWS aring in addition to those of Au; see “D. Birﬁberg, M. Grundmann, and N. N. Ledenst@uantum Dot Hetero-
Fig. 5b). This ring matches that of Ain(022 plane. The structures(Wiley, Chichester, 1999
lattice spacing of 0.294 nm in Fig.(& corresponds to °J. C. Glueckstein, M. M. R. Evans, and J. Nogami, Phys. Re\643
AugIn(110 plane, and 0.340 nm to Aln(011) plane. Com- ~ R11066(1996.
bining the diffraction pattern and the lattice spacing, it is ./ & Feérro and B. Derby, Acta Metall. Mated3, 3061(1995.

. . H. L. Wei, H. Huang, C. H. Woo, R. K. Zheng, G. H. Wen, and X. X.
reasonable to attribute the top Ia_yer_ of Figa)5to Au3_In. Zhang, Appl. Phys. Lett80, 2290 (2002; H. Huang, H. L. Wei, C. H.

With the structure characterization, a mechanism of In woo, and X. X. Zhangibid. 82, 4265(2003.
2D-3D transition emerges. The driving force is neither the ®L. G. Zhou and H. Huang, Appl. Phys. Let4, 1490(2004.
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