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Formation of metastable two-dimensional structures during Ag growth on Ge„100…
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Silver growth on Ge~100! between 330 and 570 K was studied using scanning tunneling microscopy. At 330
K, three-dimensional~3D! clusters along with two types of two-dimensional~2D! islands were observed: one
elongated perpendicular to the substrate dimer rows, the other parallel to the dimer rows. The spacing and
registry with the substrate of the former could be explained by Ag adatoms attaching across the substrate dimer
bond, while the latter could be attributed to Ag ad-dimers. Annealing caused the larger 3D clusters to grow at
the expense of the smaller 3D clusters and 2D islands; at 470 K the 2D islands were completely eliminated.
Low-energy electron diffraction indicated that the 3D clusters were oriented with their~110! planes parallel to
the surface. After annealing, the 3D clusters became elongated parallel to the Ge dimer rows indicating that the

Ag@ 1̄10# direction aligns parallel to the Ge 13 direction. Although this suggested that the 3D clusters were
lower in energy, Ag growth at 470 K led to two types of 2D islands along with pitting of the Ge surface; the
pitting was taken as an indication that the islands were intermixed. Images of the islands revealed 233 and
332 periodicities. Images of the 332 structure showed a single maximum per unit cell, while images of
domain boundaries showed that the 332 structure changed the outermost Ge layer. A model based on Ag-Ge
mixed ad-dimers and Ag substitution into the Ge surface can explain these features. The 233 and 332
structures could only be seen after Ag deposition at;470 K; both annealing films deposited at lower tem-
peratures and higher growth temperatures created only 3D clusters. Thus formation of these intermixed struc-
tures was attributed to growth of metastable Ag-Ge nuclei at 470 K that were kinetically inhibited from
forming at lower temperatures and whose lifetimes were too short to grow at higher temperatures.

DOI: 10.1103/PhysRevB.66.155339 PACS number~s!: 68.55.Ac, 68.37.Ef, 68.35.Ct
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I. INTRODUCTION

The Ag on Ge system is interesting because of the w
the growth mode changes with temperature and becaus
its superconducting properties.1–5 Early studies of Ag growth
on Ge~100! near room temperature suggested that the gro
mode is of Stranski-Krastanov~SK! type.3 More recent scan-
ning tunneling microscopy~STM! studies, however, showe
that the growth mode is of Volmer Weber~VW! type at 300
K and of SK type at 100 K.1,2 At 100 K the Ag islands were
one atom high up to at least 1 ML, but as the substr
temperature was increased toward 300 K, three-dimensi
~3D! clusters started to form on the surface. At both 100 a
300 K, Ag grew with its~110! face parallel to the Ge~100!
surface in two domains.3–5 The authors of Ref. 4 suggeste
that Ag adsorption lifted the Ge~100! surface reconstruction.4

All studies of Ag growth on Ge~100! agreed that the interac
tion between Ag and the Ge substrate is weak with no e
dence for surface intermixing. The weak interaction is a
supported by the Ag-Ge bulk phase diagram that indica
that Ag is immiscible in Ge up to 924 K, and that the m
cibility of Ge into Ag is low, less than 10-wt % Ge.6 Thus it
appears that the SK growth observed at low temperature
due to kinetic limitations and that VW growth is the favore
growth mode.

In this paper it will be shown that Ag nucleation o
Ge~100! displays a very unusual temperature dependen
When Ag was deposited onto Ge~100! at 300 K, both 3D
clusters and 2D islands were observed; annealing cause
3D clusters to grow and the 2D islands to disappear, sugg
ing that the 3D clusters were lower in energy. When Ag w
deposited at 470 K, however, two ordered 2D structures w
0163-1829/2002/66~15!/155339~9!/$20.00 66 1553
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observed along with voids in the Ge surface. The voids s
gested that the 2D structures were Ag-Ge surface alloys.
face intermixing has not been reported previously for Ag
Ge~100! to our knowledge; however, it has been seen
other systems that are immiscible in the bulk, including A
and Au on Si~100!.7–9 The unusual aspect of Ag growth o
Ge~100! is that the surface alloys were only observed af
depositing Ag at 470 K. Both Ag deposition at lower tem
peratures followed by annealing to 470 K and holding t
surface at 470 K after depositing Ag at that temperature
to only 3D Ag clusters.

II. EXPERIMENT

Experimental procedures and equipment were descr
previously.10–12 Briefly, experiments were performed usin
an ultrahigh-vacuum system equipped with an energy a
lyzer for Auger electron spectroscopy~AES!, an ion gun for
sputtering, low-energy electron-diffraction~LEED! optics,
resistively heated evaporation sources, a quartz crystal d
sition rate controller, and a scanning tunneling microscop13

The Ge samples were nominally undoped with a resis
ity of 50–60 V cm. Atomically flat surfaces with large
evenly spaced terraces were obtained by sputter/an
cycles until all contaminants were below the AES detect
level, then depositing a Ge buffer layer at 630 K, and the
final anneal at 920 K.12

Silver was deposited at rates between 7 and
31012 atoms/cm2 sec. The Ag coverage was calculated a
cording to the bulk Ag~110! plane so that 1-ML Ag contains
8.4731014 atoms/cm2 and is 0.144 nm thick.

All STM images were acquired at room temperature. I
ages were obtained at tunnel currents between 0.1 and
©2002 The American Physical Society39-1
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FIG. 1. STM images~a!–~d! of the Ge~100! surface after depositing 0.05 ML of Ag at 330 K. The images were obtained withVs5
21.5 V. The contrast was enhanced in~d! by cycling through the gray scale twice.~e! Schematic showing a side view of the surface w
Ag adatoms ~large open circles! attaching across the Ge dimers. The schematic explains the bead-like structure p
to in ~c!.
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nA, and sample biases between23 and13 V. Throughout
this paper, sample biases are reported so that negative b
refer to occupied states and positive biases unoccu
states. Varying the tunnel current was not found to affect
STM images significantly. Where noted, the contrast in
images was enhanced by cycling through the gray s
twice; this allows the three-dimensional clusters and the
race structure to be seen in a single image.

III. RESULTS

A. Ag growth on Ge„100… at 330 K

After 0.05 ML of Ag was deposited onto Ge~100! at 330
K, the surface morphology was characterized by 2D isla
and 3D clusters, as shown in Figs. 1~a! and 1~b!. The appear-
ance of the upper right corner of the 3D clusters in Fig. 1~a!
is due to a tip artifact. The 3D clusters had an average
parent height of 0.55 nm, which corresponds to 4 ML
Ag~110! though electronic differences between the clust
and the substrate make this is a rough estimate. Most of
2D islands were elongated parallel to the substrate di
rows with an average apparent height of 0.12 nm. Fig
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1~d! shows that these islands are made up of chains wi
23 periodicity parallel to the chain and pairs of maxim
perpendicular to the chains. There were exceptions, howe
where beadlike structures formed perpendicular to the di
rows as indicated by the arrow in Fig. 1~c!, these features
appeared 0.17 nm higher than the other 2D islands. W
prior STM work on Ag growth near room temperature r
vealed 2D and 3D structures, the bead like structures w
not observed.2 The beads were 0.8 nm apart, the same d
tance that separates the Ge dimers in the 23 direction, and
were aligned off center over the substrate dimer rows
structural model that explains these features is illustrated
Fig. 1~e!. In this model, Ag atoms add across the Ge dim
bond with tilt towards one of the Ge atoms accounting
the asymmetric appearance. The model closely correspo
to one proposed in a recent theoretical study of Ag adso
tion on Ge~100!.14

Annealing caused both the 2D island and 3D cluster d
sities to decrease. When a surface with 0.05 ML of Ag d
posited at 330 K was annealed to 470 K for 2 min, all of t
2D islands disappeared, as shown in Figs. 2~a! and 2~b!. In
Fig. 2~a!, the Ge substrate showed no obvious changes, s
ntrast
ages were
FIG. 2. STM images of a Ge~100! surface with 0.05-ML Ag deposited at 330 K obtained after annealing at 470 K for 2 mm. The co
in the images was enhanced by cycling through the gray scale twice, so that substrate features could be seen more clearly. The im
obtained withVs521.5 V.
9-2
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FORMATION OF METASTABLE TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 66, 155339 ~2002!
as pit formation, so there was no evidence of surface in
mixing. Figure 2~b! shows a larger area of the surface, 1
3120 nm2. This image shows that some of the 3D cluste
appeared more rectangular. On average, after annealing
aspect ratio of the clusters increased from 1.2960.25 to
1.6660.46. These values were obtained from a number
images of the surface before and after annealing, the as
ratios in Figs. 1~a! and 2~b! average 1.3 and 1.5, respective
The clusters also grew vertically with the average appa
height increasing from 0.55 to 1.7 nm. The rectangular sh

FIG. 3. STM images obtained after depositing 0.05-ML Ag
470 K. ~a! Image showing two distinct types of islands labeledA
and B. ~b! Image showing preferential attachment of islands to
SA step.~c! At SB steps the islands attach to kinks that formSA step
segments and leave a gap between the island edges and the
edges.~d! On the terraces the islands consist of multiple doma
with domain boundaries seen between island edges that tap
opposite directions; the markers label the different types of islan
The images were obtained withVs5(a)21.25 V, ~b! 21.5 V, ~c!
21.5 V, and~d! 21.25 V.
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is consistent with the reports of Ag~110! growth on Ge~100!,4

and at higher coverages the LEED pattern expected
Ag~110! was observed. In this case, the longer sides of
cluster are expected to parallel the more densely pac
Ag@ 1̄10# direction. Figure 2~c! shows that the longer edge
of the clusters tend to parallel the substrate dimer rows in
cating that Ag@ 1̄10# preferentially aligns parallel to the
Ge~100! 13 direction.

B. Initial Ag growth on Ge „100… at 470 K

Since only 3D clusters were seen after annealing to
K, the 3D structures were presumed to be lower in ene
Therefore, increasing the growth temperature was also
pected to eliminate all 2D structures. This, however, was
the case. Instead, raising the temperature to 470 K led to
types of 2D structures. As shown in Fig. 3, after deposit
0.05 ML of Ag at 470 K, patches of 2D islands with tw
major types of features were observed. One type, identi
asA, consisted of stripelike features that paralleled the s
strate dimer rows as indicated in Fig. 3~a!. The distance be-
tween the stripes was 1.2 nm, yielding a 33 periodicity with
respect to bulk-terminated Ge~100!. A different type of is-
land, identified asB, coexisted with the type-A islands but
could not be resolved in atomic detail from these imag
Type-B islands appeared slightly higher than the type-A is-
lands, by 0.1 nm in Fig. 3~a!, while the type-A structures
appeared 0.05 nm above the Ge terraces. These numbe
provided to give an indication of the corrugation; because
electronic differences between the islands and the subst
these heights do not represent true topographic variation

Both A- andB-type islands preferentially attached to st
edges, as shown in Figs. 3~b! and 3~c!. On the Ge~100! 2
31 surface, steps are generally classified into two typesSA
steps where the dimer rows on the upper terrace paralle
step edge, andSB steps where the dimer rows on the upp
terrace are perpendicular to the step edge.15 The islands grew
immediately underSA step edges@Fig. 3~b!# without any
observable gap, while atSB steps a minimum separation o
1.6 nm was seen between the islands and the step. A se
of the islands could be seen to attach to a segment of the
without any gap in Fig. 3~c! as indicated by the arrow. Thi
segment, however, is actually a shortSA step.

t

n

step
s
in

s.
d

tate
FIG. 4. Schematics showing the favore
atomic arrangements at~a! SA and ~b! SB steps.
The x’s in ~b! mark the last row of dimers on the
upper terrace. These appear dim in occupied s
STM images~Refs. 16 and 19!.
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L. H. CHAN AND E. I. ALTMAN PHYSICAL REVIEW B 66, 155339 ~2002!
The different behavior at the two step edges can be
derstood by considering the available bonding sites adja
to the steps as illustrated in Fig. 4. At theSA step, the first
pair of unperturbed dimers on the lower terrace is only
nm @Fig. 4~a!# from the last dimers on the upper terrace.
the favored termination ofSB steps shown in Fig. 4~b!, the
last dimers at the upper step edge are electronically diffe
and as a result appear as dim shadows in occupied state
images.16–19 This gives the false impression that the ste
terminate one dimer sooner than they actually do.16 On the
lower terrace, the rows of Ge atoms beneath the step b
with the next row of atoms to form a ‘‘rebonded ste
edge.’’15,16 Thus when crossing anSB step the distance be
tween the last visible dimer on the upper terrace and the
unperturbed dimer on the lower terrace in occupied state
ages, such as those in Fig. 3, is 1.6 nm. Therefore, the re
indicate that the rebonding atSB steps renders the Ge atom
at the bottom of the step unreactive towards Ag at 470 K,
that Ag preferentially attaches to the first unperturbed dim
on the lower terrace.

The wider range image in Fig. 3~d! shows several island
on the terraces. Although the island density is low, each
the islands has at least one domain boundary. Interestin
the B-type islands taper in opposite directions when the
main boundary is crossed.

C. Continuing Ag growth on Ge„100… at 470 K

When the Ag coverage was increased to 0.34 ML at 4
K, more islands were observed and pits began to grow on

FIG. 5. Images of a Ge~100! surface with 0.34 ML of Ag de-
posited at 470 K before@~a! and~b!# and after@~c! and~d!# anneal-
ing at 470 K for 30 min. The box in~a! highlights the area shown in
~b!. The markersA andB denote two different types of Ag-induce
islands, while Ge marks areas that expose the substrate, and A
Ag clusters. The images were obtained withVs521.5 V ~a!, 21.25
V ~b!, 22.0 V ~c!, and21.25 V ~d!. In ~a! and ~d! the gray scale
was cycled through twice to allow the terraces and 2D islands
well as the 3D clusters to be seen simultaneously.
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surface as shown in Fig. 5~a!. There were also large elon
gated 3D clusters with heights ranging between 3 and 5
scarcely distributed across the surface. The feature at
upper left corner of Fig. 5~a! is part of one such cluster. Th
upper right corner of the image shows the bare Ge surf
with many pits; toward the center of Fig. 5~a! were the is-
lands. Zooming into the white square, Fig. 5~b! shows more
details of these islands. The type-A islands appear lower an
the type-B islands less well resolved. Although only 0.34 M
of Ag was deposited and some of the Ag went into the
clusters, the type-A and -B structures covered more than 50
of the Ge surface. This disproportionately high covera
compared to the amount of Ag deposited could be due
adsorbate structures in which the Ag atoms are much fur
apart than the 0.289 nm favored in bulk Ag, or to integrati
Ge atoms into the structures to form Ag-Ge surface allo
The pits and the lack of any Ge islands support the latte
is unlikely that the Ge from the pits incorporated into the 3
clusters because annealing Ag-covered surfaces forme
lower temperatures produced similar~110!-oriented Ag clus-
ters without pitting. Further, the area of the pits would su
gest a Ge content in the Ag clusters that exceeds the
miscibility. These structures were different from the 2D
lands seen at 330 K. At 330 K, there was no pitting and
2D islands showed no preference for step edges.

When the surface was held at 470 K for a prolonged
riod after deposition at this temperature, both theA- and
B-type structures disappeared, as shown in Fig. 5~c!. The
Ge~100! 231 reconstruction was restored, but a few lar
pits remained and the step edges were modified. The pe
tence of the pits could be accounted for by some of the
atoms liberated from the dissociated islands attaching to
existing steps rather than filling the pits. The growth of t
few remaining pits can be attributed to Ostwald ripeni
during annealing. The Ag aggregated into large, elonga
3D clusters, as shown in Fig. 5~d!. The high aspect ratio o
the clusters made them difficult to image; however, their
istence and general shape were still obvious in the imag

As the Ag coverage increased to 0.73 ML at 470 K, t
size and density of the 3D clusters increased, reducing
coverage of the flat areas by the 2D islands. The flat ar
were still characterized by type-A and -B islands, bare Ge
and pits. The biggest change in these features was tha
pits became organized into narrow strips running perp
dicular to the substrate dimer rows as shown in Figs. 6~a!
and 6~b!. These narrow trenches tended to locate adjacen
type-A islands and in the bare Ge sections of the surface
addition, bright stripes on the top of type-B features could be
observed, as indicated by the arrow in Fig. 6~b!.

In prior work on Ag on Si~100!, narrow trenches were
also seen after depositing Ag. On Si, the trenches were s
prior to the islands and so it was suggested that they w
caused by stress relief due to Ag incorporation into the
31 Si surface.20 Here the trenches were only seen when
A andB islands formed on the surface, and the trench c
erage increased as the islands grew. This suggests tha
islands incorporate both Ag and Ge rather than just the
surface. The type-A features, in particular, were found adja
cent to either step edges or the narrow trenches sugge
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FORMATION OF METASTABLE TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 66, 155339 ~2002!
that the type-A islands pulled Ge atoms from the surface a
were most likely Ge rich. Unfortunately, the heterogeneity
the surface limited the utility of surface analytical techniqu
to determining the composition of the individual phases.

At a higher Ag coverage of 1.4 ML, the surface structu
and morphology did not significantly change. The 3D clu
ters grew larger and longer, as shown in Figs. 6~c! and 6~d!
while the coverage of the 2D structures declined. Figure 6~d!
shows a typical elongated 3D cluster that had an appa
height of 1.2 nm and was at least 40 nm long, running p
allel to the substrate Ge dimer rows. Despite the high
coverage, a significant fraction of the Ge surface remai
bare as shown near the lower right corner of Fig. 6~c!.

The 3D clusters were the final structure at both high c
erage and after prolonged annealing at the 470-K gro
temperature. Deposition at 570 K was also studied. At a
Ag coverage of 0.04 ML, no islands were seen at the s
edge and the density of 3D Ag clusters was very low and
images of this surface were indistinguishable from those
the clean surface. At a higher coverage of 0.7 ML at 570
the images were similar to Fig. 5~d! with large 3D clusters
that were difficult to image and no evidence of the typeA
and -B structures on the flatter areas. Therefore, the form
tion of type-A and -B structures was restricted to Ag depos
tion in a narrow substrate temperature window arou
470 K.

D. High-resolution and bias-dependent imaging of Ag islands
grown at 470 K

The structural details of the type-A and -B islands can be
seen more clearly in the small range STM images show

FIG. 6. STM images of the Ge~100! surface obtained after de
positing 0.73 ML@~a! and~b!# and 1.4 ML@~c! and~d!# of Ag at 470
K. In ~a!, ~c!, and~d!, the contrast was enhanced by cycling throu
the gray scale twice, so that features on the terraces could eas
resolved. The markers denote two types of islands, the bare
substrate, and 3D Ag clusters. The images were obtained withVs

522.0 V @~a! and ~b!# and21.25 V @~c! and ~d!#.
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Fig. 7. The type-A structure had a 332 periodicity, as shown
in the upper left corner of Fig. 7~a!. The convention here in
denoting the periodicity is that the first number always p
allels the Ge(100)23direction. Low-energy electron
diffraction patterns after deposition at 470 K showed an
creased diffuse background, spots that could be assoc
with diffraction from ~110!-oriented Ag clusters, and streak
ing along the~1,0! and ~0,1! directions but no distinct spot
that could be associated with a 332 periodicity. The lack of
distinct 332 spots was due to the small size of the doma
as well as disorder due to the poor registry between the ro
The arrows in the upper left corner were drawn to illustra
where three~white arrows! out of four rows of the 332
structure are in registry while the fourth was shifted o
surface lattice constant along the island 23 direction as in-
dicated by the black arrow. In addition, the 33 direction was
often skipped, also weakening diffraction from the 332
islands.

The type-B structure was more difficult to resolve wit
STM and its appearance varied significantly depending
the tip condition and bias. In the upper center of Fig. 7~a! a
23 periodicity shifted one surface lattice constant with r
spect to the substrate Ge dimer rows can be observed in
substrate 23 direction. In some STM images, such as F
7~b! the periodicity in the substrate 13 direction could be
resolved as a 33 periodicity. This gave the type-B structure a
233 unit cell. The type-B islands also tended to be sma
with many imperfections that would again account for t
lack of any 233 or 332 LEED pattern. When the type-B

be
e

FIG. 7. ~a! and ~b! High-resolution STM images of the type-A
and -B structures reveal 332 and 233 periodicities, respectively
The boxes highlight the unit cells and the arrows in~a! highlight
where one row of the 332 structure is out of registry with the othe
rows. ~c! and ~d! Wider range images show that the more isolat
233 type-B islands tend to be diamond shaped, as highlighted
the arrows. The surface was prepared by depositing 0.73-ML A
470 K. The images were obtained withVs522.0 V.
9-5
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L. H. CHAN AND E. I. ALTMAN PHYSICAL REVIEW B 66, 155339 ~2002!
islands were more isolated, they tended to exhibit ang
shapes with edges preferentially aligned along subst
^310& directions as highlighted by the arrows in Fig. 7~c! and
7~d!.

The effect of the imaging bias on the appearance of
332 and 233 structures is illustrated in Fig. 8 which show
a comparison of occupied and unoccupied state images o
same area. Both the corrugation within the 332 and 233
structures and their heights above the bare Ge surface
much less in the unoccupied state images@Figs. 8~a! and
8~c!# than in the occupied state images@Figs. 8~b! and 8~d!#.
Also, the unoccupied state images show a number of rid
that can be clearly seen as bright lines in Fig. 8~a!. The width
and height of these lines depended on the bias voltage. W
filled states were imaged in the same areas, Fig. 8~b! shows
that the white lines appeared as depressions. In Fig. 8~b!, it
becomes apparent that these ridges appear at boundarie
tween 332 domains where the spacing between the row
expanded to 43 and at boundaries betweenA and B-type
structures. Figures 8~c! and 8~d! show another pair of empty
filled state images of the same area at higher resolution
can be seen more clearly that some of the 332 strings ex-
tend along the edges and through theB-type domains as
indicated by the arrows. The 233 periodicity in theB-type
structure could be observed in a small area in Fig. 8~d!. Here
it can be seen that the order of the 233 structure does no
extend beyond four unit cells, which helps explain the a
sence of any 233 LEED pattern.

FIG. 8. Comparison of empty@~a! and ~c!# and filled-state@~b!
and~d!# STM images of the same area of a surface with Ag-indu
islands formed at 470 K. The lines and boxes highlight where
same features appear in~a! and ~b! and ~c! and ~d!. The images
were obtained with~a! Vs51.0 V, empty states;~b! 21.5 V, filled
states;~c! 1.0 V, empty states; and~d! 21.25 V. The Ag coverage
was 0.34 ML.
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IV. DISCUSSION

A. Temperature dependence of Ag growth on Ge„100…

Silver growth on Ge~100! goes through the following se
quence as the temperature is increased:~1! 2D island growth
at 120 K~Ref. 1!, ~2! 3D cluster growth in competition with
2D island growth at 330 K,~3! 3D cluster growth in compe-
tition with 2D Ag-Ge alloy formation at 470 K, and~4! 3D
cluster growth above 470 K. The transition from 2D to 3
island growth as the temperature is raised toward 300 K
be understood in terms of kinetic limitations. In consideri
nucleation, a critical size is defined above which clusters
decrease their free energy by growing. The free energy, h
ever, also depends on the cluster geometry and so the
actually a series of curves that define the free energy de
dence on size for different geometries. If the temperatur
high enough for the clusters to rapidly restructure so t
they always adopt the minimum energy configuration, th
the series of curves collapse to a single curve. Initial grow
on surfaces occurs via adatoms colliding with the periph
of the clusters and so formation of 3D nuclei requires int
layer transport that can be kinetically inhibited at low tem
peratures. As a result, at low temperatures 2D islands
grow and become stable. As the temperature is increased
rate of 2D island restructuring to lower-energy 3D config
rations becomes comparable to the growth rate and thu
regime is reached where 2D growth competes with 3D cl
ter formation. For Ag on Ge~100!, this occurs near 300 K.

The above model suggests that continuing to increase
temperature should lead to only 3D clusters. This, howe
was not the case. At 470 K, 2D islands emerged. Their
multaneous appearance with pits in the Ge surface indic
that these 2D phases contained both Ag and Ge. This
gests that increasing the temperature to 470 K opened
kinetic pathway that included extracting Ge atoms from
surface layer. In other systems where surface intermix
occurs, a similar threshold temperature was observed be
which only growth on top of the surface is seen.21–24There-
fore, this result is not unusual.

What is unusual is that the 2D Ag-Ge phases were o
seen following deposition at 470 K. Increasing the grow
temperature, annealing films deposited at lower tempe
tures, and holding the surface at 470 K after stopping gro
at the same temperature all produced only 3D clusters. Th
observations point toward the 3D clusters being the low
energy configuration. The formation of the higher-ener
Ag-Ge phases can be understood along the same lines a
growth of the 2D Ag islands at low temperatures. As t
temperature is increased toward 470 K, a kinetic pathwa
opened that allows intermixed islands to be created. The
ergy of the island edges causes the free energy of forma
of the 2D Ag-Ge islands to go through a maximum as th
size is increased and thus there will be a critical size ab
which the islands will be stable. Although the 3D Ag cluste
are lower in energy, a barrier to restructuring and eliminat
Ge can allow the 2D Ag-Ge islands to grow. Thus increas
the temperature to;470 K allows Ag-Ge islands to form
but at higher temperatures their lifetimes can be too short
them to grow.
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FIG. 9. Models illustrating the epitaxial rela
tionship between~a! Ag~110! and ~b! Ag~100!
with Ge~100!. In both cases, the Ag is presume
to lift the reconstruction. The 231 reconstruction
is shown adjacent to the Ag islands to indicate t
Ge bonding directions.
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The changes that occur on annealing can be assoc
with Ostwald ripening. In this case, the island and clus
free energies depend on their geometry as well as their s
and so the 3D clusters grow at the expense of the 2D isla
Interestingly, these observations suggest that at 470 K
atoms are emitted from the 2D islands and 3D clusters
diffuse across the surface. Therefore, we might have
pected to see 2D Ag-Ge islands after annealing films dep
ited at lower temperatures. The densities of the surface
cies, however, are very different during the initial stages
growth and ripening. When growth is started the adatom d
sity will be much higher while there are far fewer existin
clusters that the adatoms can attach to. Thus during ann
ing the probability of Ag adatom collisions may simply b
too low to nucleate Ag-Ge islands.

B. Structure of clusters and islands formed during Ag growth
on Ge„100…

The 3D clusters have previously been observed with S
~Ref. 2! and the~110! orientation was presumed based
reflection high-energy electron-diffraction ~RHEED!
studies.4 In prior work, it was shown that the Ag cluster
were elongated in the Ag@ 1̄10# direction.2 From our STM
images, it became obvious that the clusters preferenti
align so that their@ 1̄10# direction parallels the Ge~100! 13
direction and their@001# direction the Ge~100! 23 direction.
This can be understood as the spacing along Ag@001# is
0.409 nm which closely matches the 0.400 nm atomic sp
ing on a 131 Ge~100! plane. Since the bonds from the su
face Ge atoms extend out of the surface along the 23 direc-
tion of the reconstruction, this alignment places rows of
atoms above the dangling bonds of the Ge atoms, as i
trated in Fig. 9~a!. The Ag clusters are pictured as sitting o
top of a 131 surface in Fig. 9; however, the structure of t
underlying surface could not be determined from the ST
images. In the RHEED study it was presumed that Ag lift
the reconstruction.4 Because the spacing along the Ag@ 1̄10#
direction~0.289 nm! is much less than the Ge~100! spacing,
the registry between the Ag clusters and the substrate is
along the non-bonding 13 direction. Therefore, it might ap
pear that Ag would ‘‘prefer’’ to grow with its@001# and@010#
directions parallel to Ge@011# and @01̄1#. As shown in Fig.
9~b!, however, this would place one Ag atom per unit c
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either directly above a Ge atom or between Ge atoms wh
there are no dangling bonds. This apparently is more un
vorable than the mismatch and so~110!-oriented clusters
from instead.

Recently, Seino and Ishii used density-functional calcu
tions to evaluate different bonding geometries of Ag adato
and ad-dimers on Ge~100! and to calculate STM image
based on the density of states.14 For adatoms, they found
three structures that were too close in energy to be dis
guished, including one in which Ag atoms bond across
Ge dimer bond, as shown in Fig. 1~e!. This model explains
the periodicity and registry with the substrate of the be
like islands seen after growth at 330 K. Further, the ST
images of these islands are very similar to the theoret
predictions. Seino and Ishii also suggested that higher
densities favor a dimerization of the Ag atoms, with A
dimers parallel to the substrate Ge dimers lower in ene
This suggests that the beadlike islands were due to individ
adsorbed Ag atoms while the islands that were elonga
parallel to the Ge dimer rows were due to Ag dimers. In pr
work, unoccupied state images of the latter revealed o
features on the islands.2 In filled-state images we resolve
pairs of maxima on the chains and a 23 periodicity perpen-
dicular to the chains, consistent with parallel dimers occu
ing every other site along the substrate 13 direction as sug-
gested by Kushidaet al.2 Interestingly, the energy of a Ag
atom replacing one of the atoms in a Ge dimer was a
calculated and it was concluded that such a configuratio
metastable because it is only 0.17 eV above the adatom
figurations.

Although the 332 and 233 surface structures wer
readily identified by STM, determining the atomic structu
and composition of these phases is difficult. Because th
phases always coexisted with 3D Ag clusters, the bare
surface, and one another, they could not be unambiguo
characterized using surface analysis techniques. Still, the
multaneous growth of pits and the 332 and 233 islands
indicated that these were alloy phases. In this regard,
growth on Ge and Si~100! share some similarities. On
Si~100!, a 233 structure was observed along with pittin
after either depositing Ag between 770- and 870 K25,26 or
annealing a Ag layer deposited at room temperature to 6
770 K.7,27 At lower Ag coverages, diamond-shaped 233 is-
lands with edges oriented along substrate~310! directions
9-7
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FIG. 10. Proposed substitution plus Ag-G
ad-dimer models for the 332 Ag-induced islands
formed at 470 K. The dashed boxes highlight t
332 unit cells. The models show the islands a
jacent to the 231 substrate terraces to indica
the registry of the structure with the substrate.
~a!, Ag completely replaces the Ge atoms in th
substrate row between the ad-dimers, while in~b!
every other Ge atom is replaced by Ag leavin
one Ge atom per unit cell nominally with two
dangling bonds. To compensate for this, t
model shows the neighboring Ge atoms relaxi
toward this Ge atom.
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were observed.7 The 233 islands on Ge~100! favored the
same shape and on both surfaces domain boundaries
observed between segments of islands tapered in opp
directions. There are, however, also some differences
tween the (233)-Ag on Si and Ge~100!. On Si, the 233
structure appears more corrugated in empty-state images
the maxima display a triangular shape.7 The triangular shape
eliminates a mirror plane in the 33 direction accounting for
the observed domain boundaries. Similar features in the
lands on Ge~100! also suggest the lack of a mirror plan
though no asymmetry in the maxima could be resolved.
though the data indicate that the 233 structures are not iden
tical on Si and Ge~100!, the similarities suggest that th
structure on the Si surface can be used as a starting poin
understanding the structure on Ge.

Whether the 233 structure on Si~100! is a Ag adlayer or
a Si-Ag alloy layer has been debated.7,25,26,28The study by
Michely et al., however, provided convincing evidence th
the (233) phase is an alloy.26 In their work they prepared a
Si~100! surface containing many Si islands and showed
ing low-energy electron microscopy~LEEM! that these is-
lands were consumed to produce the 233 phase and recre
ated when Ag desorbed. Further, their medium energy
scattering~MEIS! data for a surface completely covered
the 233 phase put the composition of this phase at 50%
Although several models have been proposed, the struc
of the 233 phase on Si remains uncertain. A couple of t
models are based on Ag overlayers with coverages of1

3 and
2
3 ML that are not consistent with the LEEM and MEI
data.25,28On the other hand, a model based on1

2-ML Ag with
three Ag and three Si atoms per unit cell26 is contradicted by
angle-resolved photoelectron spectroscopy~ARPES! and
x-ray photoelectron diffraction~XPD! results.27,28 The XPD
data showed poor agreement with the model while ARP
showed a large band gap that was inconsistent with a
cell with an odd number of electrons. Our bias study
vealed the diminution of the 233 and 332 islands on
Ge~100!, also suggesting the existence of a bandgap that
put a constraint on the composition of the islands.

Unlike the 233 structure, there is no obvious analog
the 332 structure on Si~100!. The STM images provide in
sight into the 332 structure in addition to the periodicity
Because the registry between the rows is poor, the struc
cannot depend strongly on the alignment of the 332 rows.
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Also, the images of the domain boundaries suggest that
structure involves a change in the outermost Ge layer
particular, at the bottom left of Fig. 7~b! there are two do-
main boundaries where there is enough space for the
dimer rows to continue through the islands but instead
rows terminate near the island edge. The raised appear
of the domain boundaries in unoccupied state images r
forces this conclusion. Based on these observations and
calculations that classify mixed Ag-Ge dimers
metastable,14 we propose a model based on Ag substituti
into the outermost Ge layer and Ag-Ge ad-dimers. Two s
models are pictured in Fig. 10. In Fig. 10~a! there are three
Ag atoms per unit cell, and so such a structure would
expected to be metallic, while in Fig. 10~b! there are only
two and so this structure would be expected to be semic
ducting. The model in Fig. 10~b!, however, dictates a stron
ger correlation between the rows of ad-dimers. The calcu
tions of Seino and Ishii predicted that only one maximu
should appear in STM images of Ag-Ge dimers, consist
with our observations.

V. SUMMARY

Silver growth on Ge~100! was studied as a function o
coverage and substrate temperature using STM. At 330
2D island growth competed with 3D cluster growth. The
were two types of 2D islands, one elongated perpendicula
the Ge dimer rows the other parallel; the latter predomina
The former were attributed to Ag adatoms attaching acr
the substrate dimer bond while the latter may be due to p
allel Ag ad-dimers. The 3D clusters were~110!-oriented Ag
with Ag@001# parallel to the Ge 23 direction. Annealing
above 470 K caused the 2D islands to disappear and the
cluster density to decline drastically. Depositing the Ag fi
at 470 K created two types of metastable Ag-Ge surf
structures. These islands exhibited 332 and 233 periodici-
ties and appeared simultaneously with pits in the Ge surf
which was taken as an indication that the islands were
Ag-Ge surface alloys. A model for the 332 structure based
on Ag substitution into the Ge surface and Ag-Ge ad-dim
was proposed. Both the 332 and 233 structures could only
be seen following Ag growth at 470 K. Higher growth tem
peratures, annealing films grown at lower temperatures
470 K, and even holding the surface at 470 K followin
9-8
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growth at the same temperature, all led to only 3D clus
s.Thus the formation of the 332 and 233 surface alloys
was attributed to growth of metastable Ag-Ge nuclei
470 K. At lower temperatures, the Ag-Ge nuclei could n
form while at higher temperatures they were too short liv
to grow.
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