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ABSTRACT

The heteroepitaxial growth of Ge on Au-patterned Si(001) is investigated using in situ spectromicroscopy. Patterning of a hydrogen-terminated

Si surface with a square array of Au dots followed by brief exposure to air leads to the spontaneous, local oxidation of Si. The resulting oxide
nanopattern limits the surface migration of Au during annealing up to 600 °C, resulting in complete preservation of the Au pattern. Subsequent
deposition of Ge induces a redistribution of Au across the surface even as the oxide nanopattern persists. As a result, the oxide pattern
drives the growth of Ge islands into an ordered assembly, while Au decorates the surfaces of the Ge islands and modifies their shape.

Metal/semiconductor interfaces have been widely investi- growth of three-dimensional islan#s2® If the Si substrate
gated for the better part of a centur§yLargely studied for is prepatterned with a square array of Au dots, the Ge islands
their interesting electronic behavior, metals on semiconduc- assemble into a two-dimensional square lattice. These islands
tors have more recently moved into the arena of semicon-grow between the surface sites where the Au dots were
ductor epitaxy?* In this context, metals modify nucleation  deposited-henceforth referred to as “Au sitesand have

and growth phenomena at the nanoscale. For example, metatrikingly different shapes from islands that grow on Au-
overlayers have been exploited to tune the characteristics offree Si°-12 Central to the ordering process is the existence

epitaxial islands, or quantum dots (QDs), including their size, of a barrier to Ge diffusion surrounding each Au site, which

density, and to a limited extent, shafeAdditionally, metal |eads to the development of an island-free region, or denuded
films have been instrumental in catalyzing the growth of zonel®How the gold nanopattern gives rise to this diffusion
semiconductor nanowirésnd nanotube’? barrier and affects the potential energy landscape on the

Recently, Robinson et al. demonstrated that patternedsyrface is yet unknown. More generally, these observations
metal overlayers enable the control over large areas of therajse fundamental questions concerning the physical and/or

position and shape of islands in the Ge on Si model chemical contributions of patterned metal overlayers in
heteroepitaxial systeAf. 2 Germanium on Si grows viathe  semiconductor heteroepitaxial growth.

Stranski-Krastanov (SK) mode, consisting of the formation

. . Here we present a spectromicroscopic investigation durin
of a wetting layer (WL) followed by the nucleation and P P P g g

the growth of ordered Ge islands on Au-patterned Si(001).
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formed oxide around each Au dot provides evidence for the (@) ra ot bulk component

possible origin of the aforementioned diffusion barrier. - b:h:e:n Au sites Au site
Silicon (001) samples approximatelyx<11 cn? and having 1000+ ;

a thickness of 38& 25 um and resistivity of +10 Q cm -

were rinsed in a dilute HF:3D (1:10) solution to remove T 800-

the native oxide and hydrogen-terminate the surface. Fol- | 3 Si oxides

lowing this, a silicon nitride stencil mask was placed directly |< 600+ |

in contact with the surface, and the sample was transferred :E‘ 4004 /\

to an electron-beam evaporation system. Nominaty hm S /A -

of Au was deposited through the mask, which contains arrays | € 200

of 200 x 200 nn¥ square windows with a range of pitches 1 1 T R

from 400 to 2000 nm. The total patterned area of the mask 105 10.3 d‘101 99 \9’7 95

and substrate was 500 500 um?. After Au deposition, the binding energy (eV)

Green: Audf signal

mask was removed and the patterned sample was transferred st st
Blue: Si2p signal

in air to the SPELEEM microscope at the Nanospectroscopy
beamline of the Elettra synchrotron facility where spectro-
scopic studies were carried out. Sample annealing and Ge
growth were performed at sample temperatures between 450
and 600°C. Germanium was deposited using a commercial
molecular beam epitaxy (MBE) source at a rate of ap-
proximately 0.07 ML/min and base pressure ok310 %0
Torr. The Ge coverages studied range front to 8
monolayers (ML) (1 ML of Ge= 6.27 x 10" atoms/cr).
In this range of coverages, islands on Au-patterned Si have
a truncated pyramidal shape bound{liyL 1} side facets, an
average height between 50 and 70 nm (depending on theFigure 1. (a) Spectra of the Si 2p core |EVQ| from an as deposited
specific Ge coverage), and an aspect ratio in the range c)fAu-patterned Si(001) sample. '_I'he yellow (Il_ght) curves sho_w data
1:2 to 1:3 (height/baséf.Samples were characterized in situ collected away from the Au sites (shown in the XPEEM image
- (heig ) p - inset as yellow squares) with a single peak-@&9 eV. The blue
at various stages of preparation by LEEM, LEED, and (dark) curves show data collected at the Au sites (blue triangles in
XPEEM. The resolution of the instrument for imaging

inset), where a second peak arises around 103 eV. (b) Composite
(10 nm for LEEM) and chemical mapping (30 nm for XPEEM image of Si 2p and Au 4f micrographs. The green (light)
XPEEM) is very well suited for the dimensions of the C0lor shows the Au 4f signal, and the biue (dark) color shows the
. ... Si 2p signal. The line segment in (b) is used for alignment of the
structures and island patterns that are produced. In additiongpecira presented in (c) and (d).
the depth sensitivity of XPEEM is approximately 1 nm,
which arises from the small mean free path (0.5 nm) of the ahavior that has been observed in studies of the Au-
excited photoelectrons in the solitiDetails of the LEEM/ catalyzed oxidation of S¥ We note that the micro-LEED
XPEEM setup and its use in similar growth experiments are pattern of the Au-patterned surface isc11—expected from
described elsewhefé.?! Additional post-growth morpho-  hygrogen-terminated Si(004and that no modification of
logical characterization was completed via ex situ atomic ine syrface reconstruction due to the presence of the Au
force microscopy (AFM). pattern was detected.

To map the chemical composition of the H-terminated, Parts b-d of Figure 1 display a composite micrograph
Au-patterned Si(001) surface, spectromicroscopy (XPEEM) and the Si 2p and Au 4f spectra from the H-terminated, Au-
was performed at the Si 2p and Au 4f core levels using a patterned Si(001) surface. The image in Figure 1b was
photon energy of 195 eV. Figure 1a presents spectra of theprepared by combining the Si 2p and Au 4f micrographs.
Si 2p core level from two different types of positions on the The bright-green spots indicate regions of high Au content,
surface, as indicated in the XPEEM image inset. The binding which is confined to the periodic sites where Au was
energy (BE) scale in all spectra is referenced to the Au 4f  deposited. The darker (blue) background denotes the domi-
core level emission at 84.5 eé¥'The yellow (light) spectra  nant Si content due to the substrate. A strong correlation
were measured at locations away from the Au sites and arebetween the spatial positions of the Au 4f and Si oxide signal
characterized by a single peak at approximately 99 eV BE. maxima is observed in the aligned spectra shown in
This peak is assigned to the Si 2p bulk component. In Figure 1c,d. These observations are consistent with the ability
contrast, the blue (dark) spectra were taken at Au sites; inof Au films to promote the oxidation of Si by the diffusion
this case, two peaks appear at 99 and 103 eV BE. Weof Sithrough the Au film to the surfacéwhere it can react
attribute the peak at higher binding energy to oxidized Si, with air even at room temperatute?® The formation of an
which is known to exhibit a peak approximately 4 eV higher alloyed Si-Au interlayer enhances Si oxidation by the Au-

(A2) ABiaua Bulpuiq

than that corresponding to the Si 2p bulk comporiéithe
measured Si 2p signal from within each Au site suggests

induced modification of the hybridization state of Si atoms.
A more significant observation perhaps is the persistence

that a small amount of Si has segregated to the surface, ef the Si oxide peak in the immediate vicinity of each Au
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before annealing
annealing

Figure 3. (a) Perspective AFM height image showing the
intersection of four Au-patterned regions of different Au-site spacing
(Image size: 5x 5 umZ z = 100 nm). The Au-pattern pitch
increases clockwise from 400 to 700 nm as indicated. (b) AFM
height image of a representative Au site after Ge deposition (Scale

Figure 2. Spectroscopic and AFM analyses of Au-patterned regions Par in upper right cornes= 100 nm;z = 5 nm). Small Ge islands
characterized by a pitch of 600 nm for Au sites. (a) LEED pattern with average height of 3.5 nm and width of 15 nm are agglomerated

taken at energy of 53 eV in the Au-patterned region at 550 around thg Au site. The image was taken from a sample_ grown in
The surface reconstruction has transitioned fromsaLstructure & conventional molecular beam epitaxy reactor as described in ref
to a superposition of the & 2 and 2x 1 reconstructions (double 10. The dotted square outlines the approximate boundary of the

domain structure). (b) Cross-sectional intensity profiles of the Au °riginal Au site.
4f signal from a 600 nm pitch, Au-patterned region before and after

annealing (different Au sites). The Au 4f signal before annealing stomic force microscopy (AFM) shows that the square

shows slightly more noise due to a lower collection time. (c) AFM T ; . e s
height image showing an Au-patterned sample after annea”ng.footpnnt is retained with several solidified droplets within

Several Au-Si solidified droplets are observed within each Au site. efaCh site (Figgre 2c). AbOVe approximately 3€0) Au and
The height is truncated at 5 nm. Si form a liquid eutectic alloy whose composition follows

the Si-rich liquidus line of the AuSi phase diagram as the

site. The XPEEM data as well as experiments concerning temperature is increased. Upon cooling to below this eutectic
the wet chemical etching of Au-patterned”Show that a  temperature, the molten alloy solidifies into the observed
robust oxide extends up to 100 nm beyond the perimeter of droplets within the square footprint of the Au sites. The
the Au sites; in effect, each Au site is bounded by an oxide preservation of the Au pattern upon annealing is a direct
corona, which forms electrochemically at the boundary consequence of the existence of an oxide that inhibits the
between the Au site and the Si substrate. Removal of the Sidiffusion of Au, which is a well-known, fast diffusing species
native oxide by HF rinsing prior to Au deposition provides on the Si surfacé: Our observations are in agreement with
a conduction path for electrons between Si and Au and recent experiments indicating that the Au-catalyzed oxidation
ensures that the electrochemical potential between themof the surface of a Si nanowire restricts the diffusion of Au
drives the local anodization of Si when exposed to air. We away from the (Au) catalyst droplet during nanowire
note that Si can be anodized locally in air that contains water synthesis by the vapetiquid—solid process?
vapor even without Au by applying an external potential,  The characteristics of Ge island growth observed at the
for example, with a scanning probe . Nanospectroscopy beamline are consistent with those of

To probe the thermal stability of the Au patterns on Si, earlier investigation¥’ Figure 3a shows a perspective AFM
samples were heated to 50600 °C for 30 min and then  height image taken at the intersection of four Au-patterned
quenched to room temperature. Characterization using LEEMregions, each characterized by a particular Au-site spacing,
and LEED was performed both at the annealing temperatureafter deposition of nominally 8 ML of Ge at 45. The
and after quenching, while XPEEM was performed only after Ge islands, which appear as tall, ordered pyramids in
guenching due to the longer acquisition times. Figure 2a Figure 3a, have grown between the Au sites. Although the
displays a micro-LEED pattern acquired during annealing deposition rate and temperature here are 2 orders of
at 550°C from a region patterned with Au. The area sampled magnitude and 15€C lower, respectively, than in previous
was 2 x 2 um?, which includes about ten Au sites. The reportsi®*2island shape and ordering are similar, demon-
pattern is a superposition of the & 2 and 2 x 1 strating that Ge islands can be assembled on Au-patterned
reconstruction domainswell-known from clean Si(001)  Siover a wide range of growth conditions. Figure 3b shows
surfaces-resulting from the desorption of hydrogen. Surface a single Au site after Ge deposition.
reconstructions associated with a Au-decorated surface were We now turn to the compositional evolution of the growth
not observed?3° surface. Concentration maps obtained by XPEEM on the Ge

Figure 2b shows a direct comparison of Au 4f signals from 3d, Si 2p, and Au 4f core levels after the deposition of Ge
an as-prepared and an annealed, Au-patterned sample. Then Au-patterned Si are shown in Figure 4. The formation of
line profiles across two Au sites match each other very well, a nonuniform Ge wetting layer that contains a periodic array
demonstrating that thermal annealing alone does not resultof depleted annular regions centered at the Au sites is
in a loss or smearing of the Au pattern. Additional ex situ demonstrated in Figure 4a. These regions appear as dark rings

intensity (a.u.)

0 500 1000
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Figure 5. (a) Concentration map of the Ge, Si, and Au micro-

graphs. The Au site spacing in this case is 1000 nm. Spatially
aligned Ge 3d, Au 4f, and Si 2p spectra along the line segment in
(a) are shown in (b), (c), and (d), respectively. The ticks along the
line segment in (a) are indicated as vertical lines in the aligned
spectra. A spatially aligned strip from the composite image along

the line segment is also presented for reference.
Figure 4. XPEEM-derived concentration maps obtained after Ge "
deposition in a Au-pattern region (pitch of 700 nm) for (a) Ge, (b) The effect of Ge on the composition of the growth surface

Si, and (c) Au energies. These maps were compiled using anis best illustrated in Figure 5a, which presents a ComDOSite
analytical technique developed by Ratto et’d@f All images are composition map obtained from Ge 3d, Au 4f, and Si 2p

taken at the same position. The scale bar in (a) applies to (b) andmicrographs. Each of the four circular (blue) regions consists
©). of a Au site and its associated Ge denuded zone. The
strongest Ge 3d and Au 4f signals (also illustrated in parts
that correspond to the Ge denuded zones and are bounde@ and c of Figure 5, respectively) are spatially co-incident
by smaller rings of higher Ge concentration (one of them is and located away from the Au sites. Most importantly, the
indicated by the dotted circle in Figure 4a). The bright rings S;j 2p spectra in Figure 5d clearly shdaththe bulk Si and
consist of clusters of small Ge islands that grow directly Sj oxidation states peaked at 99 and 103 eV, respectively.
around the square footprint of the Au sites and extend-100 The Si oxide signal is highest at the Au site and decreases
150 nm beyond the Au site perimeter as seen in Figure 3b.monotonically across the Ge denuded zone. In this case, the
The clusters appear in Figure 3 as nearly circular patchesaligned spectra reveal a direct spatial correspondence between
centered at the Au sites. We note that, as the pitch of thethe Au-catalyzed Si oxide and the Ge denuded zone.
gold pattern decreases to 400 nm, these small Ge clusters These experiments demonstrate the remarkable effect of
cover a majority of the growth surface and inhibit the growth Au patterns on Si. Upon exposure to air, Au catalyzes the
of the larger ordered islands (quadrant labeled “400 nm” in oxidation of Si. The resulting oxide nanopattern blocks Ge
Figure 3a). The map of the Si content is approximately the adatoms outside the oxide coronae from diffusing toward
converse of that of Ge content (Figure 4b). For example, the Au sites, resulting in the formation of the Ge denuded
the bright rings associated with a large Si signal are zones; in effect, the oxide forms a diffusion barrier in a
positioned where the Ge signal is weakest. In addition, the manner consistent with kinetic Monte Carlo simulatiéhs.
Ge islands appear as dark spots because they block electrofenhanced accumulation of Ge away from the Au sites
emission from the underlying Si (thus attenuating the Si enables island nucleation even at nominal Ge coverages as
signal). low as 1.5 ML, which is below the critical wetting-layer

The deposition of Ge results in a dramatic transformation thickness for islanding in the metal-free regions of the
of the Au pattern as seen by the composition variation in Sample:®**Uncovering this complex growth behavior pro-
Figure 4c. Traces of Au are still found at the sites where it Vides a conceptual framework for understanding metal-
was deposited; however, now Au is nonuniformly distributed Mediated growth phenomena in semiconductor nanostructure
across the patterned region 125 x 125 um? area that ~ Synthesis by physical vapor processes.
includes~10" Au sites. This marked enhancement of Au  Acknowledgment. We thank F. M. Ross for fruitful
diffusion is perhaps due to the formation of a Ge layer or a discussions on Au-induced oxidation, J. A. Liddle for stencil
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the effect of patterned metal species on island morphétogy sions on Au-Ge—Si eutectics. O. D. Dubon acknowledges
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