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Abstract: Isolated pyramids, 30-80nm wide and 3-20nm tall, form during sputter-annealing cycles
on the Ge(110) surface. Pyramids have four walls with {19 13 1} faceting and a steep mound at the
apex. We have used scanning tunneling microscopy (STM) under ultrahigh vacuum conditions to
periodically image the surface at ion energies between 100 eV and 500 eV and incremental total flux.
Pyramids are seen using Ar* between 200 eV and 400 eV and require Ag present on the sample or
sample holder. We suspect that the pyramids are initiated by Ag co-sputtered onto the surface.
Growth of pyramids is due to gathering of step edges with (16x2) reconstruction around the pyra-
mid base during layer-by-layer removal of the substrate, and conversion to {19 13 1} faceting. The
absence of pyramids using Ar* energies above 400 eV is likely due to surface damage which is in-
sufficiently annealed.

Keywords: Germanium (110); argon ion sputtering; scanning tunneling microscopy.

1. Introduction

Surface features formed through ion bombardment depend on many parameters in-
cluding sputter ion type, fluence, flux, energy, and incident angle, sample type, orienta-
tion, and temperature, and also sample cleanliness and the presence and type of contam-
inants and defects. The methods of formation reported in literature are varied including
dot and ripple patterns [1], faceted ripples [2], pyramids [3], positive-growth whiskers
and cones [4], vacancy accumulation of pits [5], and many patterns which rely on an in-
terplay of roughening and smoothing during high-energy ion bombardment [1, 6-8].

This paper discusses the formation of isolated pyramids with {19 13 1} faceted sides
that form during sputter-annealing cleaning cycles performed on the Ge(110) surface. In-
teresting optical and biological applications for pyramids like these are discussed in other
works [9-11]. In our own studies, we found that pyramids may act as nucleation points
for Ag one-dimensional (1D) island growth (see Appendix B).

Each cleaning cycle is 15 minutes of ion bombardment with the sample at 500-650°C,
followed by 10 minutes of annealing the sample to 800°C. Usually, this process results in
a Ge(110) surface with large atomically-flat domains of surface reconstructions; ideal for
imaging with Scanning Tunneling Microscopy (STM). Pyramids are only observed when
performing cleaning cycles on two types of samples: Ge(110) dosed with 10 monolayers
(MLs) Ag, and bare Ge(110) using a sample holder which must still have had many MLs
of Ag. In the absence of Ag, the surface becomes smooth from sputter-annealing, and no
pyramid formation was observed (Appendix A). Thus, we infer that co-sputtering of Ag
from the sample holder initiates the formation of the pyramids.

Many effects are often associated with ion bombardment, such as collision cascade,
sputtering, surface damage, ion implantation, amorphization of the surface, viscous flow,
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and ion reflection and redeposition. Theories about pattern formation during ion bom-
bardment at high temperature typically discuss an interplay between roughening (due to
bombardment and anisotropic surface diffusion) and smoothing (due to surface diffusion
processes) [1, 12-15]. In this experiment, the smoothing effect strongly outweighs the
roughening effect. Comparing our cleaning cycle parameters to similar ion-bombardment
experiments [12-14, 16] supports this. Like other high-temperature experiments, which
were typically done at 270-450°C, our sample temperatures are higher (500-650°C), so that
our surface remains crystalline during bombardment. The annealing step, which is not
done in other experiments, further encourages a smooth surface. Other low-energy exper-
iments typically use between 500 eV and 1 keV ions, but pyramids in this work only
formed after sputtering using ions with energies between 200-400 eV. Other experiments
typically used fluence ranging from 1x10'” to 1x10% cm? and show a sample becomes very
rough at high fluences, but the surfaces in this experiment show little change throughout
the fluence range of 4.5x10' to 1.8x108 cm2.

Simultaneous co-deposition of metal of even very small amounts during ion bom-
bardment has been found to initiate different formations during ion bombardment, such
as cones and whiskers [4, 17-20] or nanodots [2, 19, 21]. While metal co-deposition during
ion bombardment has primarily been studied at room temperature, in our experiments,
Ag was co-deposited during high-temperature bombardment. Our experimental param-
eters cause our surface to become generally smoother following each cleaning cycle, and
pyramids form with well-organized walls which are flat at the atomic scale. The highly-
ordered crystal surface of the pyramids allows STM measurements of the structure of the
pyramids with high resolution.

We have used STM under ultrahigh vacuum (UHV) conditions to periodically image
the surface at different ion energies and fluences. The evolution of the surface suggests
that the pyramids are nucleated by Ag-clusters co-sputtered onto the surface, and the pyr-
amids grow due to layer-by-layer removal of the substrate near the pyramid base.

2. Materials and Methods

All sample preparation and measurements were performed in an ultrahigh vacuum
system consisting of three principal chambers housing a low energy electron microscope
(LEEM, Elmitec, GmbH), STM (Oxford Instruments), and x-ray photoemission spectrom-
eter (Vacuum Generators) [22]. Ge(110) samples were prepared from Sb-doped
Ge(110)wafers (resistivity between 0.1 and 1.0 Q-cm, 2 inches in diameter and 0.5mm
thick, with reported miscut <0.5°) purchased from MTI Corporation. Approximately 1 cm?
square samples were manually cut with a diamond scribe, rinsed in methanol and then
hydrogen peroxide, before placing them into the STM-LEEM sample holder, before inser-
tion into the UHV chamber with base pressure of 1x107'° torr. The sample holders used
were coated with many monolayers (ML) of Ag from previous experiments. Some sam-
ples were coated with 10 MLs Ag after placing them in the UHV chamber. In order to form
pyramids, the samples were cleaned by sputter-annealing. Each cleaning cycle consisted
of 15 minutes of sputtering followed by 10 minutes of annealing at 800°C. After the sample
cooled below 200°C, we performed ion bombardment on the surface using Ar* ions with
energies ranging from 100 to 500 eV at an incident angle of 34° from the direction normal
to the surface, with the sample continuing to cool during the ion bombardment. New sam-
ples were used for experiments with different bombardment energies. We imaged the
sample every 5 to 7 cleaning cycles, and the samples went through a total of about 40
sputter-annealing cycles. The sputtering current could vary between 2 and 8 puA, depend-
ing on the energy, partial pressure of Ar, and the sample distance from the gun. Typical
sputtering parameters for these measurements were Ar* ion partial pressure of 5 X 107>
torr, sputtering current of 2 uA, and an ion flux of ~1.25x10" s' cm2. The fluence ranged
from 4.5x10'6 and 1.8x108, but since we varied our ion energy between 100 and 500 eV,
the fluence range varies for different ion energies. The direction of sputtering is incident
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from the right side when observing the STM images in this work. The top-plate of the 100
sample holder was machined from Mo (see Figs. 3 and 5 from Ref. 18). Following sputter 101
cleaning of either Ag/Ge(110) or bare Ge(110), XPS revealed no Ag on the Ge surface at 102
detectable levels. 103

3. Results 104

Examples of pyramid formations on the Ge(110) surface are shown in Figure 1. Pyr- 105
amids have four walls parallel to the [112] and [11 2] directions at an inclination near 106
10.9° with respect to the flat substrate; these walls are parallel to the {19 13 1} faceting. A 107
small mound with steep sidewalls is present at the apex of each pyramid, these are the 108
bright features in Fig. 1(a). Surrounding the pyramids are flat terraces exhibiting the 109
¢(8x10) reconstruction of clean Ge(110), and dense steps typically formed from the (16x2) 110
reconstruction [23]. Closely stepped (16x2) reconstruction forms {17 15 1} faceting, which 111
is abundant on these surfaces [23]. The ¢(8x10) surface reconstructions and {17 15 1} facet- 112
ing are also found on cleaned Ge substrates not showing pyramids, but the density of {17 113
15 1} faceting here is higher than is typical compared to Ge(110) cleaned without Ag pre- 114
sent. The {19 13 1} faceting is a new observation, and a model is provided below. 115

Positive surface features such as these pyramids are expected to be stable under ion 116
bombardment due to reduction of sputtering at local topographical maxima and enhanced 117
sputtering at local minima [24-27]. The steep features observed near the apex of these pyr- 118
amids were predicted by Sigmund to be a result of sputtering; the shape near the apex 119
should become steep due to ion impact since sputtered atoms are located “downstream” 120
from the point of ion impact [24]. 121

In contrast to the stability of pyramids, step edges change location during the sputter- 122
annealing process. On a gradually stepped surface without these pyramids, our sputter- 123
annealing parameters would typically cause step edges to recede in the direction of the 124
higher terrace due to anisotropic surface diffusion combined with layer-by-layer removal 125
of the substrate [5, 7, 18, 28-30]. 126

We suspect that the pyramids are immobile upon nucleation, and their locations in- 127
hibit the movement of step edges. This results in bunching-up of step edges and the for- 128
mation of local {17 15 1} faceting. While the four walls of the pyramids are typically similar 129
in size, the {17 15 1} faceting generally forms long sections perpendicular to the sputtering 130
direction (incident from the right side of all STM images shown). Additionally, the facet- 131
ing forms along paths bordering pyramids. In many cases, the faceting wraps closely 132
around pyramids and groups of pyramids, and examples of this are present on the right 133
half and the bottom of Fig. 1(a). Despite the proximity of the pyramids to the faceting, no 134
pyramids are formed with {17 15 1} walls. 135
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600 800
(a) (b)

Figure 1. STM of Ge(110) sample which was coated with 10 MLs Ag, followed by 10 cleaning cy-
cles performed using 250 eV Ar* ions. Imaging parameters 0.5 nA, 2 V tip bias (a) topographical
image with profile (units in nm) taken along line shown below. (b) 3D image (magnified near cen-
ter of (a)). Fluence: 4.8x10"7 cm. Scalebars: (a) 200 nm, (b) 40 nm.

c(2x8) (16x2)

Figure 2: STM topographical images of a bare Ge(110) sample with (a) 14 cleaning cycles, fluence
1.6x10"7 cm??, (b) 23 cleaning cycles, fluence 2.6x10'7 cm?, and (c) 33 cleaning cycles, fluence 3.7x10"7
cm?, performed in an Ag-coated sample holder using 100 eV Ar*, Imaging parameters 0.5 nA, 2 V
tip bias. Scalebars: 30 nm.

Figure 2 shows surfaces sputter-annealed with 100 eV Ar* after 14, 23, and 33 cleaning
cycles. After 14 cleaning cycles, the surface is still rough on an atomic scale, with each
small dot in Fig. 2(a) likely representing a small cluster of Ge adatoms. After 23 cleaning
cycles (Fig. 2(b)), the smoothing effects of sputter-cleaning become apparent, the surface
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reconstruction is predominantly c¢(8x10), and the step edges have intermittent straight sec-
tions. The (16x2) reconstruction is not obviously present on this surface. After 33 cleaning
cycles, many step edges exhibit (16x2) reconstruction and align with the [112] and
[112] directions; this surface reconstruction is mostly found near step edges. The (16x2)
surface reconstruction is most often observed forming long rows, and this characteristic
may contribute to forming regular straight sections along the step edges [23, 31].

Figure 2(c) also shows two large clusters on the surface, although from topographical
images it is unclear if these adatoms are Ge, Ag, or other contaminants. Since pyramids
only form with Ag present, we suspect that these clusters contain Ag. The clusters are
propped up on small terraces about the same size as the clusters and are located near step
edges similar to pyramids at higher energies. These are basically pyramids that are only
one or two atomic layers tall with a cluster at the apex. It is possible that continued sput-
tering with this energy would eventually form large pyramids, but the rate of growth
would be very slow. The appearance of these pyramid-like features coincides with
straightened step edges forming the (16x2) reconstruction.

23 cc’s 28 cc’s 33 cc’s 38 cc’s

Fig 3. STM topographical images of bare Ge(110) samples with number of cleaning cycles (cc's)
shown beneath each image. Cleaning was performed in Ag-coated sample holder using Ar+ with
energies and fluence ranges of (a-e) 200 eV, 2.8x10"7 cm2to 7.9x10'7 cm?, (f-) 300 eV, 3.7x10" cm™
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to 1.2x10'8 cm?, (k-0) 400 eV, 2.9x10'7 cm2to 1.2x10' cm?, and (p-t) 500 eV, 8.1x10"7 cm2to 1.7x108 169
cm-2. Imaging parameters 0.5 nA, 2 V tip bias. Image sizes (a) 300 nm x 300 nm, (b-t) 600 nm x 600 170
nm. 171

172

When the sample is bombarded with 200 eV ions (Fig. 3(a-e)), isolated pyramids are 173
found on the surface. With 14 cleaning cycles (Fig. 3(a)), only very small pyramids were 174
found, but with 18 or more cleaning cycles the surface bombarded with 200 eV ions ap- 175
peared similar. Locations without pyramids were covered by atomically flat terraces with 176
surface reconstructions of bare Ge. Using 300 eV ions (Fig. 3(f-j)), resulted in images like 177
those seen using 200 eV. Using 400 eV ions (Fig. 3(k-0)), pyramids are more densely 178
grouped on the surface, and some pyramids are larger than those seen using lower ener- 179
gies. Using 500 eV ions (Fig. 3(p-t)), small mounds form on the surface which are different 180
from the pyramids formed with lower energies. 181
In general, Fig. 3 shows very little change to the surface with increasing fluence 182
(2.8x10"7 ecm? to 1.7x10' cm?) for any given ion energy. The surface changes the most with 183
lower numbers of cleaning cycles, because new samples are rough as shown in Fig. 2, and 184
the first cleaning cycles flatten these surfaces. 185
Once the surface forms large surface domains, which typically takes from 8-16 clean- 186

ing cycles, additional cleaning cycles cause fewer changes to the surface. This is in contrast 187
with other ion bombardment experiments where increasing fluence causes an increase in 188
surface roughness [12, 14-16, 32] 189
190
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200 300

191
Figure4: (a) STM derivative image of a bare Ge(110) sample in Ag-coated sample holder after 14 192
cleaning cycles, fluence 5.1x10"7 cm?, (b) STM derivative image of same sample after 27 cleaning 193
cycles, fluence 9.9x10'7 cm2. (c) and (d) 3D views of (a) and (b), respectively, with associated line 194
profiles along green lines shown in (e) and (f), respectively. 195

Figure 4 shows representative areas on a sample that has been sputtered with 400 eV 196
ions for 14 and 27 cleaning cycles. With fewer cleaning cycles, typically only small pyra- 197
mids were found on the surface. At higher numbers of cleaning cycles, both large and 198
small pyramids are found on the surface. The combination of large and small pyramidsis 199
present after 27 cleaning cycles in Fig. 4(b,d,f), suggesting that the initiation of pyramids 200
is an ongoing process, presumably due to the constant supply of Ag seeding material from 201
the sample holder. Since pyramid density remains nearly constant with increasing flu- 202
ence, some pyramids are likely removed from the surface during the cleaning cycles to 203
offset the formation of new pyramids. 204

The step density of the substrate is higher on the sample which underwent more 205
cleaning cycles. The location of steps near the pyramids supports two hypotheses: (1) pyr- 206
amids inhibit local terrace removal, and (2) a component of pyramid growth is through 207
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step edges pinning at the pyramid’s base. Even though the steps edges form {17 15 1} 208
faceting when further from the pyramid, they must convert to {19 13 1} in order to con- 209
tribute to pyramid growth. 210
Pyramids are often clustered together, suggesting that pyramid locations may en- 211
courage the initiation of others nearby. We suspect that pyramids inhibit the local rate of 212
terrace removal and thus cause the bunching of steps; nearby locations at the top of 213
bunched-up steps might be ideal for initiation of new pyramids. Contaminant clusters 214
which initiate pyramids at these locations may experience quicker growth since sputtering 215
of nearby step edges can quickly contribute to their height. This may enhance the stability 216
of newly formed pyramids against disintegration. 217
Scanning artifacts are present in many of the STM images where the scanning tip 218
often “jumped” near the apex. This was common on pyramids formed when Ag was co- 219
sputtered from the sample holder, but pyramids formed following sputter-cleaning of Ag- 220
dosed samples were more often imaged clearly. This may be related to the steep slope, 221
roughness, contamination, or disorganization of the peaks. 222
223

Figure 5 shows a pyramid located near the center of the image, with Ge(110) terraces 224

at different heights. To the left of the pyramid the step edges are densely spaced and 225
nearly perpendicular to the sputtering direction. At the location of the pyramid, however, 226
step edges appear to be pinned at the pyramid’s perimeter. Higher level step edges wrap 227
increasingly more around the pyramid compared to lower step edges. We suspect that the = 228
general movement of the step edges in this image, during sputter-annealing cycles, is to 229
the left. But step edge movement appears to be locally inhibited near the pyramid. Defects 230
on a surface have been proposed to inhibit migration or Ostwald ripening of adatoms and 231
vacancies [24, 33], and the pyramid here appears to be an example of such a defect. We = 232
propose that as each step edge moves past the location of the pyramid due to subsequent 233
sputter-anneal cycles, the pyramid grows in height by one atomic layer. 234
235

=

236

Figure 5: STM topographical image of a bare Ge(110) sample with 18 cleaning cycles, fluence 237
3.5x107 cm? performed in an Ag-coated sample holder using 200 eV Ar* ions. Imaging 238
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parameters 0.5 nA, 2 V tip bias. The contrast is enhanced to show the step edges, making the cen- 239
tral pyramid appear to be saturated in brightness. Scalebar: 50 nm. 240

Figure 6 compares surfaces sputter-annealed using 100 eV, 200 eV, 400 eV, and 500 241
eV Art*ions. This figure shows a progression like that seen in Fig. 2, but these images have 242
higher resolution and include line profiles. Even though the cleaning cycles are not iden- 243
tical in Fig. 6, we have shown (Fig. 2) that differences in fluence do not cause significant 244
changes to samples. In contrast to fluence, different bombardment energies do result in 245
obvious differences in the surface formations. 246

The surface features grow larger with higher energies between 100 eV and 400 eV. 247
Sputter-cleaning cycles performed using Ar* energies between 200 eV and 400 eV caused 248
4-sided pyramids to form similar to those already discussed. The pyramids formed with 249
400 eV Ar* were often larger than pyramids formed with lower energy Ar*and had larger 250
mounds at the apex. Similarly, the substrate sputtered with 400 eV Ar* had longer inclines 251
of densely packed step edges. The slopes of the walls of larger pyramids were sometimes 252
different along one direction compared with the rest of the pyramid (see Fig. 6(c)). Thisis 253
likely a shadowing effect enhanced by the large pyramid size, but this effect does not seem 254
to contribute to pyramid formation. In all the images, the pyramid slopes have been cal- 255
culated, and except for a few defects and shadowing cases, the slopes are consistent with 256
{19 13 1} faceting. 257

Using 500 eV Ar+ions (Fig. 6(d)), mounds formed on the surface, and pyramids were 258
not found. The mounds do not grow as large as the pyramids, but their appearance is 259
similar to the mounds seen at the apexes of pyramids. In general, the mounds formed at 260
500 eV are similar in size to the mounds found at the apex of 400 eV pyramids. Interest- 261
ingly, there is no faceting on these surfaces, nor are there densely-packed step edges. Also, 262
the borders of the step edges are curving with few straightened sections. The substrate is 263
rougher and has more defects compared to lower energy sputtering, and there was no 264
clear surface reconstruction. 265

50 100 150 200 R R E R R R 100 200 300 400 30 100 150 200 266
Figure 6: STM 3D images of a bare Ge(110) sample with cleaning cycles performed in an Ag- 267
coated sample holder using (a) 100 eV Ar+, 33 cleaning cycles, fluence 3.7x10"7 cm?,(b) 200 eV 268
Ar+, 40 cleaning cycles, fluence 7.9x10"7 cm?, (c) 400 eV Ar+, 32 cleaning cycles, fluence 1.2x10'® 269
cm?, and (d) 500 eV Ar+, 38 cleaning cycles fluence 1.7x10'® c¢m™. Profiles, with units in nm, below 270
each image are taken along the lines shown in the image. Imaging parameters 0.5 nA, 2 V tip bias. 271
Scalebars: 120 nm. 272
4. Discussion 273

The high level of geometry on many of these surfaces is certainly assisted by the an- 274
nealing process which repairs the kinetic damage caused by ion bombardment [34]. An- 275
nealing reduces the surface free energy, encouraging the formation of flat terraces with 276
organized surface reconstructions [5, 18, 27]. 277
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The low energy Ar*ions used in our experiments likely only interact with a few layers 278
near the surface [7]. We can roughly estimate 1-2 layers with 100-200 eV (at these energies 279
the low energy electron diffraction (LEED) pattern at the surface is not disrupted), and 4- 280
8 layers with 300-400 eV [35, 36]. Ion interaction with these layers causes defect creation 281
due to kinetic impact and collision cascades [5, 24, 25, 34, 37]. The depth of ion damage 282
increases with ion energy, and it appears that the surface roughening caused using 500 eV~ 283
ions is not sufficiently repaired during the annealing process to allow the formation of 284
straightened step edges. 285

Pyramid formation in our data is always coexistent with step edges aligned with 286
[112] and [11 2] directions; this is evident when using 500 eV Ar* (Fig. 6(d)) and also 287
at low flux with 100 eV Ar~ (Fig. 4(b)). In our model, the step edges with (16x2) reconstruc- 288
tion pin at the perimeter of the pyramids, often as {17 15 1} faceting, in order to form {19 289
13 1} faceting that contributes to pyramid growth. The (16x2) surface reconstruction hasa 290
propensity to form relatively long straight rows [23, 31]. We suspect pyramids donot form 291
with 500 eV ions because the step edges donot formin [112] and [11 2] directionsand 292
cannot contribute to {19 13 1} faceting of the pyramid walls. 293

Mounds formed with 500 eV ions are likely initiated by Ag clusters, like the pyra- 294
mids, and they are stable because sputtering at a ridge is minimized. The mounds are 295
smaller than pyramids formed with lower energy ions because they no longer have a con- 296
tribution of layer-by-layer growth like the pyramid structures. We suspect that the 297
mounds formed at the apex of pyramids at lower energies are essentially the same as the 298
mounds formed at 500 eV; the minimization of sputtering at the ridge helps with the sta- 299
bility of the pyramids (both during and after nucleation) and makes their height larger 300
than they would be without this effect. 301

Another effect of ion bombardment that should be addressed is the implantation of 302
Ar+ ions, and the coincidental creation of Frenkel pairs near the surface. Positive growth 303
through anisotropic adatom migration was found to be the primary method of growth for 304
similar pyramids [5]. Adatoms are likely formed during ion bombardment as a compo- 305
nent of Frenkel pairs, and it has been tempting to suggest that the Ehrlich-Schwoebel (ES) 306
barrier may encourage adatom movement towards the top of the {17 15 1} or {19 13 1} 307
faceting sections; this would provide a contribution to both pyramid growth and explain 308
the nucleation of pyramids nearby to other pyramids. We annealed our samples to 800°C, 309
and another work found a reduction of ES anisotropy on the Ge surface above 250°C [3]. 310
Due to our high annealing temperature, we suspect the ES barrier does not induce anisot- 311
ropy at locations where the steps-edges are spaced close together, and other studies sug- 312
gest a similar conclusion [3, 19, 20, 28, 29]. 313

Model for {19 13 1} faceting 314

Figure 7 shows an STM image with {19 13 1} faceting forming a pyramid sidewall, 315
and an accompanying model. In Fig. 7(a), the upper-left corner consists of {17 15 1} facet- 316
ing, and the right side shows {19 13 1} faceting on a pyramid wall. Figure 7(c) is a magni- 317
fied image of a {19 13 1} section from Fig. 7(a) with a unit-cell of a common superstructure 318
outlined. Figures 7(b) and 7(d) show atomic models corresponding to Figs. 7(a) and 7(c) 319
respectively. In the models, the step edges shown as horizontal lines increase in height by 320
one atomic step moving to the right. A model for {17 15 1} faceting has already been pro- 321
posed [23], and the adatom clusters, shown as red dots in the model, are suspected to 322
correspond to a surface reconstruction containing 4 or 5 Ge atoms on top of the unrecon- 323
structed Ge substrate. We observe similar rows of bumps in {19 13 1} faceting. We suspect 324
that each bump observed in STM corresponds to a cluster of Ge adatoms, though we do 325
not resolve the details of this cluster. The closeness of the steps in the {19 13 1} region, and 326
the tight spacing between bumps observed in STM, suggests that these clusters are likely 327
distinct from those in {17 15 1} faceting. Also, the top-layer of the unreconstructed Ge sub- 328
strate likely has some perturbation due to relaxation. 329
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The reconstruction on {19 13 1} consists of rows of atomic clusters. The short-range
order of clusters runs along the [0 0 1] direction, this is indicated by the dotted lines in
Figs. 7(a) and 7(b) and is evident in the magnified image shown in Fig. 7(c). The long-
range order is at a different angle, 8.17° from [0 0 1], as indicated by the thick solid line in
Figs. 7(a) and 7(b). An example unit cell of the superstructure containing eight clusters is
shown in Fig. 7(c) and 7(d). While this unit cell represents a common observation of struc-
ture, there are many irregularities and defects on the surface. For example, in Fig. 7(a)
there are some locations where the short-range order is aligned with the long-range order,
or where the short-range order runs along more or fewer clusters than shown in the
model. There are also locations with missing clusters in addition to some groups of clus-
ters without order. The model we present represents the majority of the surface and also
allows for the observed correspondence between the short- and long-range order.

[110]

l [112]

[001]

Ge Adatom
Cluster

Top layer

“ ® unreconst-
ructed Ge
substrate

1 /Step edge

Figure 7: STM images and models of Ge (110) faceting. (a) STM topography of {17 15 1} faceting on left, and {19 15 1}
faceting on right. (b) model of {17 15 1} faceting on left, and {19 15 1} faceting on right. (c) STM image of proposed unit
cell. (d) Model of proposed unit cell. The dotted line in (a) and (b) shows the direction of short-range order, the solid line
shows the direction of long-range order. In models (b) and (d), the height of the substrate increases by one atomic layer
at each step edge moving to the right. Scalebars (a) 5 nm, (c) 2 nm. A unit-cell of a common superstructure is shown in (c)

and (d), with lengths a: 34.7 Aandb:57.7 A (corresponding to 5 \E a, and Vv104a, where a=5.66 A).

5. Conclusions

Isolated pyramids form during sputter-annealing cycles on the Ge(110) surface. Pyr-
amids have four walls with {19 13 1} faceting and a steep mound at the apex. Pyramids
form using Ar* between 200 eV and 400 eV and require Ag present on the sample or sam-
ple holder. The sputter-annealing cycles cause step edges to pin around the base of exist-
ing pyramids as surface layers are locally removed in a layer-by-layer fashion. The inhi-
bition of migration of step edges at the perimeter of the pyramids is proposed to be the
primary component of pyramid growth. As each terrace is removed around the location
of the pyramid, the reconstruction at the base of the pyramid converts to {19 13 1} faceting
and the pyramid grows in height by one atomic layer. The absence of pyramids using 500
eV Ar- is suspected to be due to surface damage which is insufficiently removed during
the annealing cycles. The surface reconstruction of the {19 13 1} faceting displays bumps
associated with atomic clusters similar to those on the {17 15 1} faceting, and a model is
provided.

330
331
332
333
334
335
336
337
338
339
340
341

342
343
344
345
346
347

348

349

350
351
352
353
354
355
356
357
358
359
360
361
362



Nanomaterials 2021, 11, x FOR PEER REVIEW 12 of 15

Author Contributions: M.vZ. designed the study and wrote the original draft; M.vZ.,,S.S.S,, ARK.,, 363
and H.R.B. measured the data; S.C. supervised the project, acquired the funding from NSF CHE and 364
DMR, and edited the manuscript. All authors have read and agreed to the published version of the 365
manuscript. 366

Funding: This research was funded by the National Science Foundation under grants PHY-1004848 367
(S.8.S.), PHY-1560482 (H.R.B.), CHE-0719504, and DMR-1710748. 368

Data Availability Statement: All the data relevant to this study are provided in the figures and 369
supplementary materials. Further information can be requested from the corresponding author. 370

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 371
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu- 372
script, or in the decision to publish the results. 373

Appendix A. Ar* Cleaning Without Ag Present 374

In order to verify that the presence of Ag is required for pyramid formation, STM 375
measurements and sputter cleaning were performed on a Ge(110) sample with no Ag 376
contamination, using a sample holder that was constructed entirely using new 377
components. All sample preparation and cleaning procedures were the same, except the 378
sputtering current was measured to be 5pA at 5x10- torr Ar partial pressure for energy of 379
200eV. 380

For the images shown in Figure Al, the sputtering energy of 400eV was chosen 381
because this caused the growth of very pronounced pyramids (cf. Figures 4 and 6(c)) that 382
would easily appear in STM images. Fig. Al shows the results of sputtering after 6, 14, 383
and 21 cycles for (a), (b), and (c) respectively. Different samples were used for the images 384
— (a) was imaged using the first sample, and (b) and (c) were done using a second sample. 385
None of these images shows any sign of pyramid formation, confirming that the samples 386
discussed in the main part of the paper needed Ag in order to form nucleation points for 387
the pyramid formation. 388

60nm

T
389
Figure Al. STM topographical images of bare Ge(110) with (a) 6 cleaning cycles, (b) 14 cleaning 390
cycles, and (c) 21 cleaning cycles on a brand new sample holder using 400 eV Ar*. Imaging param- 391
eters are (a) InA, 1V tip bias; (b) 4nA, 1.5V tip bias; (c) 3nA, 2V tip bias. 392
Appendix B. Formation of Large 1D Ag Islands. 393

Following experiments involving ~10ML deposition of Ag on Ge(110) at room tem- 394
perature (RT), subsequent annealing to 177°C, then cooling to RT, large 1D Ag islands 395
formed on the surface. Figs. A2(a) and A2(b) show the Ag island labeled as “ii”. Most of 39
the remaining surface displays bare Ge(110) with ¢(2x8) and (16x2) surface reconstruc- 397
tions, as resolved in Fig. A2(b). Interesting exceptions to this observation follow: 398

Fig. A2(a), “i” shows an example of a cluster of small pyramids. Fig. A2(b) showsa 399
similar isolated small pyramid labeled “i”. At the apex of these pyramids are mounds with ~ 400
a structure which is not well-determined. These mounds are often elongated in the [110] 401
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direction, which is the same direction as the Ag 1D island growth. We suspect these
mounds contain Ag.

Figs. A2(a) and A2(b) location “iii” shows where {19 13 1} faceting is present, which
is consistent with the structure of large pyramid walls.

Location “iii”, with {19 13 1} faceting, is the tallest Ge faceting in the local vicinity,
and also corresponds with the edge of the 1D Ag island. We suspect that 1D Ag islands
preferentially nucleate at locations similar to large pyramid structures. LEEM observa-
tions confirmed that 1D Ag islands nucleate at large defects on the surface. Although the
defects appeared to be of similar size and shape to the pyramids seen in the STM images,
the LEEM images did not provide sufficient resolution to confirm this.

Figure A2. ~I0ML deposition of Ag on Ge(110), annealed to 177°C, and cooled to RT for imaging.
(a) 3D STM topographical image of 1D Ag island on Ge(110) substrate. (b) topographical STM
image of boundary of pyramid showing magnified region “iii” from (a). Scalebars (a) 200 nm, (b)
40 nm.
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