Growth, Phase Transition, and Island Motion of Au on Ge(111)

J. A. Giacomo!, C. H. Mullet,? and S. Chiang®
Department of Physics
University of California, Davis
1 Shields Avenue
Davis, California 95616-5270, USA

Abstract

Using low energy electron microscopy (LEEM), Au on Ge(111) is determined to follow a
Stranski-Krastanov growth mode consisting of a single layer up to 1 monolayer (ML), followed
by 3-dimensional Au-Ge alloy droplets. Near 600°C, we report the first observation of a
reversible first-order phase transition that occurs from the (V3xV3)R30° phase to a (1x1) phase,
which has coverage of 0.367ML. The transition occurs gradually through a coexistence region
with a temperature range of about 2°C and weakly depends on coverage, varying from 640°C at
IML down to 580°C at 0.8ML. The phase transition is accompanied by phase fluctuations of
small domains or the fluctuations of phase boundaries of large domains. At coverage >1ML and
above 250°C, the 3D droplets move with stick-slip hopping behavior that has been previously
explained by dissolution of Ge at step edges into the alloy droplet, which then comes to

concentration and thermal equilibrium via the island motion.
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1. Introduction

As a typical metal on semiconductor system, Au/Ge(111) is part of a group of similar
systems such as Ag, Sn, Pb, and Ni on elemental semiconductor surfaces. These systems enjoy a
long history of exploration by many different surface science techniques as they have intrinsic
technical and fundamental importance.'"!! As the age of semiconductor transistors and
electronics has boomed, the value of understanding the nature of metal semiconductor
interactions at surfaces has also. The smaller we continue to shrink our electronics, the more
impact our understanding of surface interactions will have on further technological advancement.
Beyond the technical implications, there is also fundamental knowledge to be gained. Many new
surface science techniques have used systems such as these as prototypes to explore new physics.

The noble metal on elemental semiconductor systems have been well studied. In
particular, it is intriguing to note that in all four systems, Au and Ag on Ge(111) and Si(111),
there is a (V3x\3)R30° (abbreviated as V3 in the following discussions) phase. The structure of
these V3 phases has been probed by techniques such as scanning tunneling microscopy (STM),>
1217 Jow energy electron diffraction (LEED),’ surface x-ray diffraction (SXRD),** ¥ and angle-
resolved photoemission spectroscopy (ARPES).!” These structures have been compared and an
interesting relationship was found. Ag/Si(111) and Ag/Ge(111) both share a honeycomb chained
trimer (HCT)* 2023 structure while Au/Si(111) and Au/Ge(111) share a conjugate honeycomb
chained trimer (CHCT) structure.” 2*2° Of the four systems, although Au/Ge(111) has the
simplest phase diagram, it has received the least attention.’ This paper describes low energy
electron microscopy (LEEM) and low energy electron diffraction (LEED) studies of this system,
including the dynamics of the \3 phase during growth, the V3 to (1x1) phase transition, and

movement of Au-Ge alloy droplets that form for coverage >Imonolayer (ML, defined as the



atomic density of the unreconstructed Ge(111) surface, 7.22x10° atoms/um?). LEEM is a
powerful technique for studying these phenomena because of the combination of real-time data
acquisition, including movies showing sample dynamics, and the ability to dose and heat during
image acquisition. We also show one set of STM and LEEM images of the same sample,

illustrating the complementary data obtained by the two techniques.

2. Experimental Methods

The experiments were performed in an ultrahigh vacuum (UHV) system consisting of
three connected chambers housing several commercial instruments, including LEEM (Elmitec
GmbH), STM (Oxford Instruments), and x-ray photoemission spectrometer (XPS, Vacuum
Generators).?® Ge(111) samples of 5 x 5 mm? were cut from 2 inch wafers of n-doped
germanium (MTI Crystal), with resistivity ~0.25 ohm-cm and polished on one side with miscut
<0.5°. The LEEM sample holder has an integrated tungsten filament to allow electron beam
heating of the sample during data acquisition. The sample temperature was measured with a K-
type thermocouple in contact with the back edge of the sample, which was calibrated with an
infrared pyrometer. The Ge(111) surface was cleaned by repeated Ar” ion bombardment at
500eV and annealing at 800°C until a sharp Ge(111) ¢(2x8) LEED pattern was observed. The
thermocouple calibration was checked by measuring the temperature of the Ge(111) c(2x8) to
(2x1) phase transition, which was found by Phaneuf and Webb to occur at 300°C.%” The
temperature controller could hold the sample temperature constant within a range of 2°C.

Au was dosed from a hot filament evaporator consisting of Au wire wrapped around a
tungsten filament that was heated by passing current through it. The evaporator was mounted onto
the LEEM sample chamber and dosing was done during imaging so that growth phenomena could

be directly observed. Calibration of the Au dosing was done by assuming the saturation coverage



of Ge(111)- Au V3 to be 1.0ML, as agreed upon in the literature. By analyzing the LEEM images,
the dosing rate at the evaporator current of 7.50 A was found to be 0.14 ML/min. The same value

of Au flux was used for all data shown in this paper with varying Au coverage (Figs. 3, 4, 15, 16,

and 17.)

3. Experimental Results and Discussion
3.1. Phase Diagram of Au on Ge(111)

The Au/Ge(111) system has a simple phase diagram (Fig. 1), as determined from our
LEEM and LEED measurements. LEEM is sensitive to the diffraction caused by structures on
the surface but not to details of the atomic structure. Although LEEM cannot confirm any of the
structural models proposed for the V3 phase discussed above, it allows real-space imaging of 2D
structures on the surface as a function of time, allowing us to understand how Au grows on the
surface during deposition.

The Au/Ge(111) system follows the Stranski-Krastanov growth mode, with a single layer
of Au forming on the surface, followed by the growth of 3-Dimensional (3D) islands. For
deposition temperatures below ~200°C, Au remains on the surface in a disordered arrangement
as deposited, with no LEED patterns or LEEM contrast changes. At these lower temperatures,
there is not enough energy for appreciable mass movement of the Au adatoms, which therefore

stay in their initial adsorption sites, producing no diffraction pattern.
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Fig. 1. Au/Ge(111) phase diagram. The hashed section between the Au-(\/3x\/3)R30° and Au-(1x1) areas
represents a range of temperatures over which the phase transition occurs. Smaller domains undergo the

V3 (1x1) transition at lower temperatures than do larger domains. This effect is explained in more detail in
Section 3.2

Very low coverage of Au, ~0.07ML, causes the Ge(111) c(2x8) reconstruction to
transform to an incommensurate I(2x2) structure at room temperature,'° which is very similar to
the high temperature incommensurate Ge(111) phase, observed above 300°C. For clean Ge(111)
this phase was previously described by a detailed LEED study as either three orientations of
(2x1) structures with quasiperiodic antiphase walls or a (2x2) reconstruction modulated by a
honeycomb arrangement of intersecting antiphase walls.?” The (2x2) structures were observed in
a more recent STM and ARPES study, which showed that the V3 structure can coexist with the

c¢(2x8) and (2x2) Ge structures.?® Our limited STM experiments, however, did not resolve clearly



the Ge (2x2) structures induced by small Au coverage. As indicated on the phase diagram in Fig.
1, however, we did observe the high temperature Ge(111) (2x1) pattern using LEED.

When annealed or deposited above 200°C - 350°C (depending on coverage), Au forms
the V3 structure, which has been identified as a CHCT model, consisting of a metal trimer in a
missing top layer structure, as described above. Although Au/Si(111) shares this structure, STM
data show that the empty state image produces a honeycomb pattern similar to that of Si(111)-
V3Ag, indicating subtle differences of the CHCT structures for Au on Si(111) and Ge(111).'°
Despite disagreement for other noble metal-elemental semiconductor systems, both LEED and
SXRD experiments have confirmed the CHCT structure for Ge(111)- V3Au.> 25 The 3 structure
saturates at 1.0ML, after which Au-Ge alloy droplets form on the completed V3 layer.

Annealing the sample has no effect on the ordering of Au on the surface until ~600°C,
when Au goes through a phase transition to a (1x1) phase, which has not been previously
observed. Further annealing of the sample produces no change, and the Au remains bound to the
surface beyond the melting point of Ge. Thus, removing Au from the surface requires repeated
cycles of ion bombardment and annealing.

As shown in the phase diagram (Fig. 1), the transition temperature between the V3 and
(1x1) phases is weakly dependent on coverage. The transition temperature is ~640°C at 1.0ML
of Au coverage but is reduced to ~580°C at 0.8ML and lower coverage. At the transition
temperature, domains undergo fluctuations between the two phases. The transition happens at
different temperatures for different sized domains on the surface. Smaller domains make the

transition at slightly lower temperature than larger domains, as described in detail in Section 3.3.

3.2. Growth of Au on Ge(111) as Function of Coverage and Temperature



3.2.1 Coverage <1.0ML

Immediately after deposition of Au onto Ge(111) at 410°C, the LEEM image in Fig. 2(d)
was measured. Then the sample was cooled to room temperature (~22°C) and transferred into the
STM, where the three images in Fig. 2(a)-(c) were measured at different resolutions on the same
region of the sample. Clearly the Au islands, such as the one marked by the white arrows in the
three images, prefer to nucleate near step edges. Because of the high temperature growth, the Au
presumably formed small islands of V3 structure, resulting in the observed 120° angle (white
arrow) between two edges of this island, indicating crystalline order. Despite the clearly defined
edges of the island, the atoms within the island are not resolved in Fig. 2(c), probably as a result
of atomic motion. The growth of V3 regions is consistent with earlier STM observations that
showed such regions forming on surfaces annealed to 300 or 500°C,'° or deposited on Ge(111)
held at 400°C or deposited at room temperature and annealed to similar temperature.?® The
LEEM image of the same sample shows the Au islands as small dark features, which are distinct
from the large black dots due to contaminated regions (Fig. 2(d)). By comparing the areas of the
Au islands relative to the clean Ge, the sample coverage was calibrated as 0.16 monolayer (ML).
While large contamination spots were typically seen near regions of high step density, they were

not evident in the other images shown in this paper.



Fig. 2. (color online) STM and LEEM images of the same sample with 0.16 ML of Au deposited on Ge(111) at
410°C and cooled to room temperature for measurements. Au nucleates in small islands near step edges.
Arrow marks same feature shown in three magnifications of STM images of the same area, (a) 7000 x3500A.
(b) 1750Ax1740A. () 250Ax250A. High resolution features from the clean Ge(111) ¢(2x8) structure are
observed in the bottom half of this image. For the STM images, Vsampie= +1V, IT=0.5nA. (d) LEEM image,
with electron energy 9.6eV, field of view (FOV) 10um., shows small dark features ascribed to Au islands.
Determination of the total area comprising Au islands relative to Ge regions gave the calibration of the Au
coverage. Large black dots due to contaminated regions were subtracted from the areas used to determine the
Au coverage.

When dosing above 1 ML Au at room temperature, LEEM images show no evidence of
the island formation seen at higher temperatures, and LEED shows no evidence of the V3 phase
or any other structure. This suggests that at temperatures below 200°C, the growth mode exhibits

metastable Frank—van der Merwe (layer-by-layer) character. This behavior was seen by Venables



et al. in the similar system of Ag/Si(111)*. Upon heating Au/Ge(111) above 200°C, islands
become apparent in the LEEM images, and LEED shows the V3 structure. Thus, the system
returns to its Stranski—Krastanov nature, with Au-Ge alloy droplets on top of a single V3 layer.

LEEM and LEED data from annealing or dosing Au onto Ge(111) above 200°C show the
growth of the V3 layer, as reported by others studying this system.'®3%32 At such temperatures,
thermal energy is sufficient to drive adatom diffusion on the surface, allowing the Ge(111)-V3
Au reconstruction to form. LEEM images obtained either by dosing at elevated temperature or
by dosing at room temperature followed by annealing to higher temperatures, show similar
surface structure, with no observable difference in the LEED or LEEM data for either growth
parameter.

Fig. 3 shows a series of dark field LEEM images, taken with a V3 diffraction spot, at
different coverages as Au was dosed onto Ge(111) at 400°C. At this temperature, LEED shows
the expected \3 structure for Au coverages above 0.2 ML. The dark field imaging confirms that
the bright areas of Fig. 3 have \3 order and that the dark areas are the Ge(111) surface. The
growth of Au-V3 patches on the Ge(111) surface occurs by nucleation of small islands, which
grow as more Au is deposited. This growth mode is well understood and has been described by
Venables.** Up to the melting point of germanium, Au does not evaporate off the surface. Thus,
it is safe to assume that growth proceeds in the regime of complete condensation. Surface
dynamics are then reduced to the incoming flux of Au atoms, together with the interplay of

adatom diffusion and capture by islands on the surface.



Fig. 3. Dark field LEEM images of growth of Au on the Ge(111) surface with increasing coverage, labeled on
each image, as Au is dosed at 400°C. Bright areas have \3 order, and dark areas are the Ge(111) surface. (a—
¢) FOV 10pm; (d — h) FOV Sum. Electron energy 6.0eV. (i) LEED pattern of the Au V3 phase (first order
spots are circled in white).

3.2.1. Behavior of 3D Islands for Coverage >1.0ML

After completion of the first layer, additional Au islands begin to form on the surface.
Fig. 4 shows a series of 3D islands growing on the surface as the Au coverage increases. Islands
preferentially nucleate at kinks in the atomic steps of the Ge(111) surface. The 3D islands that
form at temperatures above 250°C for coverage >1.0ML do not have any long-range order in
their structure, as evidenced both by the lack of additional LEED spots and any contrast in the

LEEM images at any electron energy. This is consistent with identification of the islands as
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consisting of liquid Au-Ge alloy droplets, as previously seen for Au/Si(111).3*3% This is also
supported by the study of the Au-Ge catalyst used for vapor-liquid-solid (VLS) growth of Ge
nanowires®® and is consistent with the bulk phase diagram for Au-Ge (Fig. 5 of Ref. 37). These
alloy droplets can begin to form at temperatures below the bulk eutectic temperature of 361°C,

presumably because supersaturation of Ge in the growing alloy droplet can reduce the Au

7

nucleation temperature.’

Fig. 4. Au deposition above 1 ML. All images are S pm FOV and were measured with 7.0 eV electrons. This
sequence (a-e) shows the growth of 3D Au-Ge alloy droplets growing on top of the first complete Au layer.
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Similar to other Stranski-Krastanov systems, the density of islands on the surface has a
strong temperature dependence. This can be seen in Fig. 5, which shows the natural log of island
density as a function of inverse kT, where k is Boltzmann’s constant and T is absolute
temperature. Taking an atomistic approach to the growth parameters of islands as 2-D clusters on
a completed first layer, as described by Venables et al.,> the cluster density is given as:

n, = N,(R)ePE
where N, (R) is a number density factor which is dependent on a critical cluster size and a

function of the dosing rate R, 8 is 1/kT, and E is the activation energy. The activation energy is

found from Fig. 5 to be 1.07 eV, which is in good agreement with a recent paper on

Au/Ge(111).38
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Fig. 5. Plot of the natural logarithm of the Au island density versus the inverse of KT (p = 1/kT). This shows
the exponential relationship between the number of islands which grow on the first layer of Au and the
temperature at which the Au is deposited.

While the previous discussion focused on experiments involving the dosage of Au onto a
hot surface, the growth of Au dosed at low temperature and then annealed is very similar. Fig. 6

shows a series of images taken as a sample with 6.0 ML of Au was heated from 200°C to 410°C.
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Below 250°C, there was no particular ordering of the Au on the surface as evidenced by the lack
of any LEED pattern. Heating the sample above 250°C allows the formation of the V3 structure
of the first Au layer, and the Au-Ge droplets grow on top of that layer. At lower temperatures,
many small droplets first begin to coalesce on the surface. As the temperature is raised, these
droplets undergo Ostwald ripening, and smaller islands begin to shrink as larger islands begin to
grow. The final image in the series shows only a few large islands on the surface, compared with
the many smaller ones that existed at lower temperatures.

Fig. 7 shows the effect of dosing 10 ML Au onto the surface at 400°C, with the formation
of 3D islands, followed by cooling the sample to 50°C. As the surface is cooled below 200°C,
the islands begin to shrink to about 50% of their higher temperature size. As the islands shrink,
their boundaries take on a harder, more angular edge, with some of the islands developing a
hexagonal shape, as they begin to crystallize on the surface. Nevertheless, no LEED pattern was
observed, suggesting that there is no long-range order. The white spot that appears near the
center of the islands when they are cooled may be another sign of the change in crystallinity. If
the sample is heated again, the islands will again become rounder and larger, so that they look as

they did when they were dosed.
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Fig. 6. (a-f) Series of LEEM images of Au/Ge(111) taken as the temperature was rising after dosing 6.0 ML of
Au at 200°C. The surface initially has many small Au-Ge alloy droplets at low temperature, with Ostwald
ripening occurring as the temperature is raised, producing fewer but larger islands. FOV S pm, electron
energy 6.5 eV.
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b 400°C 50°C

Fig. 7. Au was dosed to 10 ML on the sample at a temperature of 400°C, and then the sample was cooled to
near room temperature. (a-b) FOV 10 pm. (c-d) FOV 5 pm. As the temperature is lowered, the islands shrink,
and their round edges become sharper and more angular, with some looking hexagonal in shape.

3.3. First Order Reversible (\/3x\/3)R30° to (1x1) Phase Transition of Au/Ge(111)

One of the unique traits of LEEM is its ability to image surfaces in real time while dosing
or heating the sample, allowing the observation of dynamics of surface processes, such as the
transition between different surface structures. As a real-space imaging method with information
on the diffraction pattern of domains, LEEM is well suited to studying surface structural phase

transitions. By imaging the surface with greater resolution than the size of the phase domains, the
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coexistence of two distinct phases with an abrupt boundary indicates that the transition is first
order; otherwise, it is second order. LEEM has been previously used with considerable success to

39,40

characterize surface phase transitions, such as the determination by Telieps and Bauer that

the reversible Si(111)-(7x7) to (1x1) phase transition was first order.*! 42

For the Au/Ge(111) surface, there are only two phase transitions: the low temperature
disorder to \3 transition and the high temperature V3 to (1x1) transition. Below about 200°C, Au
mobility on the surface is severely restricted, and the formation of structures with long-range
order is not energetically possible. Above 200°C, we find the rapid onset of the 3 phase across
the entire surface as the adatoms order themselves to reduce the surface free energy. As the
temperature continues to rise, the V3 phase persists without change up to about 600°C, where the
surface transitions to a (1x1) phase to further reduce the surface free energy. The (1x1) phase
persists at higher temperatures until the Ge sample melts.
3.3.1. Temperature and Coverage Dependence of the (V3xV3)R30° — (1x1) Transition

Fig. 8 shows a series of LEEM images as the \3 phase (bright areas) evolves into the
(1x1) phase (dark areas) as the temperature is first increased by a few degrees, and then the
reverse transition when it was decreased by a similar amount. These images were taken with an
initial Au coverage of more than 1.0 ML at a temperature of 640°C. At this temperature, most of
the Au-Ge alloy droplets present on the surface above 1.0 ML of coverage have desorbed. The
two black circles on the top of the first image are Au-Ge alloy droplets that are still present after
most have desorbed from the surface. In the second image the top right island has desorbed; after
that, the left island also desorbs. The dark round feature at the bottom of the image, however, is a

surface defect. The LEEM images show a definite separation of the two phases, with boundaries

occurring between the V3 and (1x1) phases in coexistence, showing that this is a first order
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transition, similar to the (4x4) to (1x1) transition of Ag/Ge(111) system®, but unlike the second

order transition from V3 to (1x1) observed for Au/Si(111).3*

HEEEEE RN

Fig. 8. In this series of LEEM images(a-e), we begin with >1 ML of Au at 640°C. At this temperature most of
the Au-Ge alloy droplets have desorbed, but two can still be seen at the top of the first image. The V3 phase
has bright contrast, and the (1x1) phase has dark contrast in these images. The (1x1) phase begins to grow
from the steps and domain boundaries as the phase transition proceeds. After completely transforming to the
(1x1) phase in (c), the temperature was lowered several degrees and the transition reverses. Eleven seconds
have elapsed from the first image to the last image. FOV 5 pm. (f) LEED pattern of the V3 phase.
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Fig. 8 shows that the phase transition originates at steps and domain boundaries. There is
no evidence in any of the LEEM data to suggest that the phase transition can nucleate in the
middle of a terrace without an activation center such as a step or phase boundary. In the image
sequence most of the steps are running in a more-or-less horizontal direction. The divisions that
run in a more vertical direction are domain boundaries that separate different nucleation domains
when the Au is first dosed onto the sample. In the first two images, these domain boundaries act
similarly to the steps in that the phase transition begins here and then moves inward on the
terraces. As the temperature is lowered and the V3 phase grows back, these domain boundaries
are gone. This can be seen by comparing Fig 8(a) with Fig. 8(e), especially in the upper left area
where the terraces are larger. There are a number of step-like features in the first image that do
not exist in the last image. These are the adsorption domain boundaries that are absent when the
3 phase regrows as the sample is cooled from the transition temperature.

When the sample is cooled, the nucleation of the V3 phase begins on the terrace and then
propagates outward towards the steps that bound it, as shown in Fig. 9, which shows a sequence
of consecutive frames of a different sample during a similar experiment. Fig. 8 shows that larger

terraces take longer to transform from V3 to (1x1) during heating, whereas Fig. 9 shows that

larger terraces transition first from (1x1) to V3 when cooling.
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Fig. 9. (a-c) A sequence of consecutive frames from a LEEM video at 1 frame per second. The sample has
been cooled below the transition temperature, and the (1x1) phase (dark areas) is transitioning to the \3
phase (light areas). Notice that the transition begins on the terraces and then continues outward toward the
steps.

Looking at Figs. 8 and 9, it is clear that the entire surface does not undergo the phase
transition at the same time. Indeed, it can be seen in the images that some of the domains
undergo the phase transition before others. This is true in both directions, \3—(1x1) and
(1x1)—13, as seen in Fig. 8. This non-homogeneity in the phase transition is due to a spread in
the transition temperature, ~2°C, over which the transition begins and completes. A temperature
gradient across the sample surface was ruled out as the cause for the temperature width of the
coexistence region based on the observation of phase fluctuations between the two phases, which
is discussed in more detail below.

This effect of a first order phase transition having a soft transition temperature instead of
an abrupt transition at a critical temperature has been observed for other surface phase
transitions, such as the Au/Si(111) (5x1) to (1x1) transition studied by Swiech et al.** and the
Si(111) (7x7) to (1x1) transition as reported by Hannon and Tromp.*® For both of these phase
transitions, the coexistence range was on the order of 10°C, and surface strain was suggested as
the most likely reason for the transition temperature range. Essentially, the strain fields on the

surface, most notably from step structures, impose a force on the phase domains, making it
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energetically favorable to form boundaries between the phases that produce repulsion between
regions of the same phase. This causes a metastable state where phase coexistence is preferred
near the transition temperature. In Figs. 8 and 9, this effect is evident in the Au/Ge(111) V3 to
(1x1) phase transition, where the temperature was ramped quickly through the transition
temperature. Around the steps is a region where the phase transition occurs first in going from V3
to (1x1) or occurs last in going from (1x1) to V3. This indicates there is repulsion between the V3
domains, which would be consistent with step induced strain fields causing the phase
coexistence.

The phase diagram shown in Fig. 1 shows a hatched coexistence region between the \3
and (1x1) phases, which is exaggerated in the figure to make it easily noticeable. At higher
coverages, the phase transition occurs at slightly higher temperatures. The average transition
temperature is about 640°C for IML of Au coverage. Lowering the coverage reduced the
transition temperature to 600°C at 0.75 ML and to 580°C for both 0.60 and 0.50 ML coverages.

Although the Au/Ge(111)—(1x1) phase has a similar LEED pattern to that of the Ge(111)
substrate, the LEEM images at submonolayer coverage show a separate contrast that is different
from those of either the Au-\3 or the underlying Ge surface, as shown in Fig. 10. This suggests
that these two (1x1) phases have different structure, even though they have the same periodicity.
Note that this is different from the Ag/Ge(111)—(1x1) phase, which has no distinguishable LEED
pattern or LEEM contrast from that of the underlying Ge(111).

Fig. 10 shows a 0.60 ML Au covered surface as it transitions from the V3 to the (1x1)
phase. The sample was held at a constant 580°C, and about 1.5 minutes elapsed between Fig.
10(a) and (f). In Figs. 10(b-d), three different contrasts occur: bright-\/3, dark-Ge(111), and dark

grey-(1x1). There was no difference in the LEED pattern for the dark-Ge(111) and dark grey Au-
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(1x1). Although there must be some structural difference that gives rise to the different contrast
in LEEM, these experiments did not determine what that difference is. The Au-(1x1) phase was
determined because the dark areas persist below the transition temperature and are therefore the
Ge substrate, and the dark grey contrast only appears when the transition temperature is reached.
This is a reversible phase transition and cooling the sample from Fig. 10(f) returns the \3 phase.
We estimate the coverage of the Au-(1x1) phase by carefully examining the \3 to (1x1)
phase transition, measuring the areas corresponding to these two phases, and using the known
coverage of 1.0 ML for the V3 phase. Assuming conservation of Au atoms during the phase
transition, the number of Au atoms in the transformed V3 areas must be equal to the number of
atoms in the new (1x1) areas, A4 ;-0 5 = A, 6,,,1), where A4 5 is the change in area of the

3 phase, A(1x1) is the area of the (1x1) phase, and 0 is the coverage of the respective phase.

# we measured the area of the V3 regions in Fig. 10(a). Then we

Using the ImagelJ program
measured the V3 areas and the (1x1) areas in images 10(b-d). Subtracting the 3 area in these

three images from that in Fig. 10(a) indicates how much of the \3 phase transformed, A4 ;.10

each of these three images, 10(b—d). Substituting into the given equation, we determine that the
average coverage of the (1x1) phase is 0.367 + 0.002 ML. Note, however, that this discussion

does not prove that the coverage of the (1x1) structure is always fixed at this number.
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Fig. 10. This LEEM sequence shows the phase transition from V3 to (1x1) with Au coverage of 0.60 ML.
Sample temperature is 580°C. V3 is bright, Ge substrate is dark, and (1x1) is a dark grey. a) shows the \3
phase on the Ge substrate. b) shows the V3 beginning to transition to the (1x1). Notice that the (1x1) phase is
distinguishable from the substrate contrast. c)-d) the transition nears completion. e) the (1x1) phase now
covers the entire surface except where V3 domains still exist. f) The transition is complete.
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3.3.2. Fluctuations in the (V3xV3)R30° < (1x1) Phase Transition

The contrast between the V3 and (1x1) phases in the LEEM images was originally
distinguished using dark field imaging. While exploring the coexistence region between these
two phases, an unexpected behavior was found. For samples with 1 ML of Au that are within the
coexistence region, small domains switch back and forth between the two phases. If the sample
is taken rapidly through the transition temperature, as in Figs. 8-9, we find the more typical first
order transition described in Sect. 3.3.1. However, if the sample temperature passes slowly
through or is held in the coexistence region, even for a few seconds, small domains will fluctuate
between the two phases. LEEM is the perfect tool to view and characterize a dynamic event like
this because of its real-space, real-time data acquisition with the ability to capture data at video
rates. Fig. 11 shows a series of images of a 1.0 ML Au covered Ge(111) surface at a constant
temperature of 635°C, taken from the movie available in Supplementary data S1. The images
show the V3 and (1x1) phases coexisting on the sample as bright and dark areas respectively. The
domains circled in red in the images show how the phase switches back and forth between the
two structures.

To further elucidate the phase switching phenomenon, a Canny edge detector*> was used
to process a sequence of 300 video frames (10 seconds of video) beginning with the first image
in Fig. 11. The Canny edge detector was implemented in ImageJ** using the FeatureJ*® plugin.
The edge processed images were then averaged together to produce the image in Fig. 12(a).
Edges with the darkest contrast were present during the entire video sequence, whereas the
lighter edges show areas where domains were fluctuating. Indeed, some of these are the same as
the domains indicated in Fig. 11. Using this technique, the fluctuating domains were identified

and their sizes recorded. The average size of a fluctuating domain was found to be 12000 nm?.
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Fig. 11. FOV 5 pm, temperature 635°C, electron energy 4.0V. This LEEM image sequence (a-f) shows a 1.0
ML Au covered Ge(111) surface in the coexistence region of the V3 to (1x1) phase transition. Some of the
domains are seen to fluctuate between the two phases. The black circles guide the viewer to some of the

domains that are fluctuating in this sequence. The times relative to the first video frame are inset in each
image.
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Fig. 12. (a)This is a time averaged image from 300 consecutive video frames of the LEEM image sequence in
Fig. 11, after Canny edge detection was applied to each frame. The weight of the edges is proportional to the
number of frames for which that edge appears in that position. The lighter grey edges seen in the image are
domains that were undergoing fluctuations. (b) Same type of time averaged image with Canny edge detection
for LEEM image sequence in Fig. 14.

The fluctuating domains do not alter in size during their lifetimes or due to differing
temperatures. The temperature range of the coexistence region is small but fluctuations that
occur near the completion of the (1x1) phase have the same average size as fluctuations that
occur near the completion of the V3 phase or anywhere between the two phases. Also, it is clear
from the LEEM images that this is still a first order transition, as the phases are clearly separated.
These phase fluctuations can even occur over hour long periods of time, where small changes in
the temperature spanning the 2°C range over which the fluctuations occurred could be used to
adjust the proportion of V3 to (1x1) coverage. The intermediate state between the complete
phases existed within this temperature range and was consistent over multiple experiments. This
behavior rules out a temperature gradient as the origin of the 2°C range for the transition
temperature.

Figure 13 shows the intensity change within the marked squares as a function of time,

from the same LEEM sequence as Fig. 11. The change in intensity between Fig. 13(a) and (b) is
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due to one domain fluctuating between (1x1) and the V3 phases, as seen in the insets, which
show a magnified view of the domain used in the intensity measurement. Therefore, the
measured time dependence indicates the time for this domain to transition between the two
phases., and Figure 13 (c) shows that the domain fluctuates between two well defined states, as
expected in a first order transition. Although the length of time that the domain stays in any one
state appears to be random, the switching time is consistent and was found to be 130 = 30

milliseconds, as shown in Figure 13(d).
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Figure 13. FOV 5 pm. From the sequence of LEEM images in Fig. 11, the time dependence at 635°C of the
fluctuating domain within the indicated squares. a) and b) show the (1x1) (dark) and V3 (bright) phases of the
domain respectively. c) Plot of the time dependence of the domain switching between two distinct phases. d)
Scaled view of the transition from the (1x1) phase to the V3 phase, showing that it takes ~130mS to complete
the transition.

27



We now compare the behavior of the V3 domains for a low step density sample, which
has large terraces. The corresponding Au domains are also large, mostly being only bound by the
step edges themselves. In the coexistence region, the phase boundary between the V3 and (1x1)
phases is kept to a minimum by producing fewer and larger domains. The fluctuations present on
this surface are now boundary fluctuations instead of domain fluctuations. The phase boundary
itself fluctuates in size, shrinking back to produce a larger (1x1) domain or growing out to
produce a larger V3 domain. Fig. 14 shows a short sequence of images where the boundary is
fluctuating, taken from the movie available in Supplementary data S2. In the video, the
boundaries are in constant motion and appear fluid, as though there were a pushing match
between the two phases; sometimes one gains more ground, and sometimes the other gains more
ground. These large domains are much less stable than the smaller ones in Fig. 11, where the
small domains fluctuating between the two phases do not change size and have fixed domain
boundaries. On the other hand, for the larger domains in Fig. 14, the boundary fluctuates so that
the domains are always changing size. Since these boundary fluctuations are not fixed or
constrained as are the small domains, the overall sizes of the domains shrink and grow by
amounts many times the area of the fluctuations. In Fig. 14(a), the large domain on the left is at
its maximum size in the sequence; in Fig. 14(c), it shrinks to its minimum size; and then in Fig.
14(d), it has grown again. Note that these boundary fluctuations are still present even if the

temperature is held constant somewhere within the coexistence region.
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Fig. 14. FOV 5 pm, temperature 630°C, Au coverage 1.0 ML. The V3 domains are bright, and the (1x1)
regions are dark. This sequence of LEEM images (a-f) from the coexistence region shows how the domain
boundaries of large domains change in the same temperature range where smaller domains fluctuate. Note
particularly how the phase boundaries change from image to image. The times relative to the first video
frame are inset in each image.
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To better convey the movement of the domain boundaries in Fig. 14, a Canny edge
detector, as described above, was used to find all the edges of a sequence of video frames, and
the edge frames were averaged to produce the image in Fig. 12(b). As before, the averaging
creates an image of the edges where the darkness of the edge is a function of its motion
throughout the sequence. The more a boundary moves, the lighter it appears in the average. Fig.
12(b) shows that not all boundaries move or fluctuate. Also, the boundary fluctuations are not as
discrete as were the domain fluctuations in Fig. 11 and 12(a), and the boundaries have more
freedom to fluctuate to different geometries. Boundaries that fluctuate are presumably not
pinned.

3.3.3. Possible Mechanism for Phase Fluctuations of the \/3<—>(1x1) Au/Ge(111) Transition

Similar phase fluctuations have been reported previously for the V3 (B phase) to (1x1)
transition of Pb/Ge(111) using LEEM by Sato et al.*”* They found that the difference in the
number of atoms between the B and (1x1) phases of an average domain size (8500 nm?) is of the
same order, hundreds of atoms, as the thermal fluctuation in the number of atoms derived from
statistical mechanics. Therefore, the phase fluctuations are thermally driven because of the small
area of the domains and the closeness in the coverage of the B and (1x1) phases in the
coexistence region (1.303 and 1.29 ML, respectively).

At first glance, it would seem that the Au/Ge(111) system is very similar and that the
fluctuations could be driven by the same mechanism. However, the coverage difference between
the V3 and (1x1) phases for Au/Ge(111) is very large, 1.0 ML and 0.367ML, respectively. This
produces a large difference in the number of atoms between the two phases for a typical domain
of 12000 nm?. Performing the same analysis as Sato et al., the thermal fluctuations in the number

of atoms is on the order of hundreds of atoms but the difference in the number of atoms between
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the two phases based on the coverages is tens of thousands of atoms. Thus, thermal fluctuations
cannot drive the phase fluctuations when there is such a large difference in the coverage of the
phases.

This leads us to speculate that a surface soft phonon can be responsible for the V3«(1x1)
surface phase transition on Au/Ge(111), together with the associated phase fluctuations. Soft
phonon modes are recognized as explanations for structural phase transitions in 3D bulk
materials>’, such as SrTiO; and the well-known ferroelectric, BaTiOs. They have more recently
been invoked to explain several surface phase transitions, such as the surface charge density wave
(CDW) associated with the Pb/Ge(111) V3 to (3x3) transition near -20°C,>"- the V3+>(3x3) phase
transition of Sn/Ge(111),>*>* and the reversible (4x1) quasi-1D phase of In/Si(111) transitioning
to an (8x2) phase with an accompanying metal-insulator transition.> Thus, it is plausible that soft
phonons could also be associated with the V3«>(1x1) surface phase transition on Au/Ge(111), but
this would need to be confirmed with theoretical molecular dynamics calculations, such as those
done previously for Ag/Ni(100) and Ag/Cu(100).°%>® We note, however, that there is no evidence
for a CDW transition on Au/Ge(111) between the temperatures of 10K and room temperature.>

The phase coexistence observed for the V3«>(1x1) transition on Au/Ge(111) is familiar
from other surface phase transitions, such as the transition of Si(111) from the ordered (7x7)
structure to a disordered (1x1) phase near Tc=860°C, which was studied by Hannon et al. using
LEEM.® They determined that long-range elastic and electrostatic interactions are responsible
for the surface phase coexistence in the Si(111) phase transition over a broad temperature range
near T.. After examining the entropy of the phases and the latent heat of the transition, they
predict that phase coexistence is a universal feature of surface phase transitions. When heated

from below T¢, the (1x1) regions grow and broaden between the (7x7) regions, which they
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describe as domain wall premelting. Feenstra et al.®! used STM to observe similar 2D premelting
behavior for the Ge(111) c(2x8) to (2x1) phase transition near 300°C. They saw the disordered
regions forming at domain boundaries and then growing continuously with temperature until the
entire surface becomes disordered.
3.4. Motion of Au-Ge alloy droplets on Ge(111) For Coverages Above 1 ML

Au-Ge alloy droplets on the V3-Au covered surface become mobile at ~300°C. These are
large 3D islands containing at least tens of thousands of atoms that move as a single cohesive
unit across the surface at surprising speed. Fig. 15, from the movie available in Supplementary
data S3, shows LEEM images with FOV 5 pm, measured during Au deposition, in which
multiple Au-Ge alloy droplets move on the surface. Many islands move in a jumping motion
from one spot to another, and they tend to hop from position to position with no continuous
motion at any temperature. Some 400 nm diameter islands can jump up to 1000 nm in 1 second.
Although the island size is related to the temperature, no temperature dependence on the number
of islands that move or the measured hopping distances could be discerned. Looking closely at
the motion of the islands, they appear to initially be stuck in place and suddenly break free,
sliding along the surface until they get stuck again. As the islands move, they change the step
structure of the Ge, leaving a kink in the step that points in the direction of travel of the island
(see additional red lines drawn in Fig. 15(a)). The island motion was always perpendicular to the
steps.

Similar motion of 3D Au islands at ~327°C was first observed by Swiech et al. in a
LEEM study of Au/Si(111).3* The mechanism for the motion was elucidated by Curiotto et al. in
their later LEEM study of Au/Si(111),?® for which very similar island motion was observed as in

our LEEM movies for Au/Ge(111). By comparing with the bulk phase diagram for the Au-Si
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system, they determined that the 3D islands are composed of Au-Si alloy droplets which move
perpendicular to the steps when more Au is added or when the temperature increases. When the
droplet approaches a Si step edge, Si dissolves into the droplet and then comes to a chemical
equilibrium according to the bulk phase diagram, resulting in the motion of the droplet up the
step with stick-slip behavior, accompanied by changes in the Si step structure behind the
advancing droplet. More recently, the same group has reported additional details about the
behavior of Au-Ge alloy droplets on Ge(111).3% 6% 6 Similar behavior of the movement of liquid
eutectic islands induced by sample temperature gradients was observed previously for

PYSi(001)%, Pt/Ge(110)%%, Au/Si(110)%, and Au/Ge(110).5

Fig.15. FOV 5 pm. A sequence of video frames (a-d) that show the motion of some of the Au-Ge alloy droplets
on the surface taken during Au dosing (as evidenced by the increasing island sizes) at ~430°C. The arrows in
the images indicate the directions in which the Au-Ge alloy droplets move in the next frame. Each frame is 3
min. 20 sec. apart to show multiple islands moving, but each island moves in only ~1 second. Two black lines
in (a) show kinks in the steps that point in the direction of motion of the islands. Some thermal drift is evident
in the images, as the temperature was slowly drifting during the deposition.
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Based on the mechanism described in Ref. 35, the increasing Au coverage in Figs. 15 and
16 (which comes from the same movie as Fig. 15) causes the observed alloy droplet motion. Fig.
16 shows a sequence of images where a smaller droplet moved towards a larger droplet until it
was absorbed. The time between the second and third frame when the droplet was absorbed is
only one second. Based on many different experiments, no matter which droplet was moving, the
smaller droplet is always absorbed into the larger one, exhibiting island coalescence, also known
as Smoluchowski ripening. Also, the change in diameter of the droplet after absorbing the other
is minimal, indicating that the bulk of the newly acquired material is added to the height of the
3D droplet. Note that the behavior observed for increasing Au flux in Figs. 15-16 differs from
the Ostwald ripening that was observed in Fig. 6 for heating of 6.0 ML of Au that had been
deposited on Ge(111) at 200°C.

7 ﬁ’ F e
|"=l',_-1."..‘~<.‘,.él_l =__.J_ i
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*

Fig. 16. A sequence of 3 frames (a-c) from a LEEM movie. A smaller Au-Ge alloy island moves towards and
merges together with a larger Au-Ge alloy island. Images taken during Au deposition, with Au coverage of
10 ML at a temperature of 430°C.

We also see that surface structure and defects affect the growth of the 3D islands. Figure
17 shows a LEEM sequence of moving islands during Au dosing. Looking closely, after the first
island forms and moves to join the larger island, another island begins to form from the exact

spot where the first grew and from which it moved away. Then it too moves away from the
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nucleation spot. This sequence replays two more times in the video data that were captured for
this experiment, but the final frames are not shown here. Obviously, there is a surface defect or
feature that is smaller than the resolution of the LEEM that acts as a nucleation site for the Au-

Ge alloy droplets.

hj*h*r#,« # 3

Figure 17. LEEM image sequence showing the nucleation and growth of (a) single Au-Ge alloy droplet. (b)
The small island nucleates and then moves up and merges with the larger island (c-e). (f) Another Au-Ge
alloy island begins to nucleate and grow from the same location as the first one in (b). Although not shown
here, this process repeated another two times. These images were taken at a temperature of 430°C with Au
coverage ranging from 6.2 to 7.7 ML over 496 seconds.

4. Conclusions

Au on Ge(111) thus has distinct features that differentiate it from other metal on
semiconductor systems. Au thin film growth occurs via a Stranski-Krastanov mode, with one V3
layer followed by 3D Au-Ge alloy droplets forming on the surface. At temperatures above

300°C, additional Au coverage can cause an island to approach a step, where Ge dissolves into
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the alloy droplet, and the resulting concentration gradient causes the hopping motion of the
islands, which is accompanied by changes in the underlying step structure of the Ge substrate.
This mechanism for the hopping was previously described.?> 3% 62 63

The Au/Ge(111) V3 < (1x1) phase transition was determined to be first order from
LEEM images and occurs gradually through a coexistence region with a temperature range of
about 2°C. Samples with a full monolayer of Au undergo the transition at 640°C, but the
transition temperature decreases to 580°C at 0.50 ML. By measuring the change in phase area
during the transition of a lower coverage Au dosed sample, the coverage of the (1x1) domain
was determined to be 0.37 ML.

We have discovered a unique phase transition mechanism where domains can switch
back and forth between the V3 and the (1x1) phase while in the coexistence region. These
domain phase fluctuations are limited to domains on the order of 12000 nm? in size. From the
time dependence of the domain intensity, it is clear that the domains switch between two clearly
defined phases, confirming that the transition is first order. For low step density samples with
large domains, the phase fluctuations manifest themselves as boundary fluctuations, resulting in
domains alternately shrinking and growing. This has the effect of giving the phase boundaries a
liquid-like appearance as they fluctuate in the coexistence region. The large coverage difference
between the V3 and the (1x1) means that the fluctuations cannot be thermally driven, but a

surface soft phonon mode is suggested as a plausible explanation.
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Supplementary Material
See supplementary material for three LEEM movies. Movie S1 is associated with Fig. 11. Movie

S2 is associated with Fig. 14. Movie S3 is associated with Fig. 15.
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