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We report the observation of large scale self-assembly of long horizontal nanowires into orthogonally

oriented bundles, during in situ annealing of a few monolayers of Ge on Si(001). Results are

interpreted in terms of a collective wave-propagation mechanism, previously suggested for

interpreting ripple faceting on Ge/Si(1 1 10) surfaces. Quantitative agreement between experiments

and theory is found. The onset of the mechanism, the number of wires in the bundles, and their total

density can be controlled by carefully tuning the growth parameters. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4818717]

Deposition of Ge on Si(001) leads, under rather

broad experimental conditions, to Stranski–Krastanow (SK)

growth, where three-dimensional (3D) islands form on the

top of a thin wetting layer (WL).1,2 Careful investigation of

Ge/Si(001) allows understanding the key fundamental mech-

anisms underlying this growth modality, thus facilitating the

interpretation of the behavior of more complex systems of

broad interest, such as In(Ga)As/GaAs(001). The main driv-

ing forces, surface-energy minimization, strain release, and

intermixing, are indeed very similar.2–5 Besides the purely

scientific interest, Ge islands on Si are appealing for poten-

tial applications as stressors, which beneficially alter the

electronic properties of Si,6,7 as phonon scatterers for reduc-

ing thermal conductivity8 and as single-hole supercurrent

transistors.9

The demonstration of coherent 3D islands formation fol-

lowing Ge deposition was reported in 1990.10,11 In particu-

lar, in Ref. 11, clear evidence of “huts” bounded by {105}

facets was provided. A justification for such high-index

orientation was not straightforward, owed to the expected

high-energy surface cost. However, it was later shown that a

major reconstruction takes place, leading to a very efficient

reduction of the dangling-bond density and virtually elimi-

nating the as-cut staircase configuration.12–14 Additional

calculations based on Density Functional Theory (DFT)

immediately followed, showing that Ge(105) is actually

strongly stabilized14–16 by the compressive strain determined

by the incomplete relaxation of the mismatch. It was clear

from the actual surface-energy values that Ge(105), com-

pressed at the Si lattice parameter, could compete in stability

with Ge(001)/Si(001).5,14–18 More recent results19 demon-

strated that the surface-energy of Ge(105) is even lower than

previously reported, resulting in a preferred orientation with

respect to (001). A compelling experimental evidence of the

tendency towards maximizing {105} exposure was recently

reported for Ge growth on a vicinal Si(1 1 10) surface.20

There, a perfectly {105} facetted WL was demonstrated, in

the form of a uniform array of horizontal ripples and all

oriented in the same direction because of the special (1 1 10)

orientation. A collective wave-model was proposed for the

onset of such a coherent pattern: starting from an isolated

ripple, lateral replication takes place generating close-

packed satellites with equal base widths. Despite yielding

quantitative agreement with the experiments, the model

remained an educated guess, as no direct experimental proof

of the “propagating” wave was provided, due to the short

time scale involved in the process. Is it possible to observe a

similar behavior on a conventional (001) substrate? Before

answering this question it is worth noting that ripple faceting

on a (1 1 10) surface is easier than on (001) because of ther-

modynamic (the surface energy of the (1 1 10) substrate is

larger19), geometrical (a ripple bounded by {105} facets can

only develop in one direction20), and kinetic (on (1 1 10) the

sequence of double steps determines a preferred diffusion

direction at the mesoscale21) reasons. In addition, the well-

known elastic repulsion between nearby islands22,23 may

prevent clustering of islands.

Recently, we have discovered that on Si(001) very long,

isolated (105)-faceted nanowires24 can be obtained by in situ
annealing of the Ge WL,25 the key driving force being once

again the exposure of low-energy {105} surfaces. In this

letter, we shall show that, by a suitable choice of growth

parameters, bundles of parallel wires form adjacent to the

initial seeds. At variance with the Si(1 1 10) case,20 wires can

elongate along two orthogonal directions, yielding a

peculiar, tunable, mesoscale self-tessellation of the (001)

surface.

Samples were grown by solid-source molecular beam

epitaxy (MBE) at a base pressure of 5� 10�11 mbar. We ini-

tially deposit 4.4 monolayers (ML) of Ge with a growth rate

of 0.04 ML/s at a substrate temperature (T) of 560 �C. Under

these conditions, the critical thickness for the formation of

usual huts11 is 4.5 ML. After Ge deposition, the temperature

is ramped down and kept at different values (ranging from

500 to 550 �C for 12 h annealing) or kept at 520 �C for differ-

ent time durations (from 1 to 66 h). Figures 1(a)–1(d) show
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atomic force microscopy (AFM) images of Ge nanostruc-

tures obtained after 12 h annealing of the 4.4 ML Ge WL at

500, 520, 540, and 550 �C, respectively. At the lower anneal-

ing temperatures of 500 and 520 �C, we see “bundles” which

consist of tens of closely packed Ge nanowires. They are

randomly distributed on the surface and well separated by

planar regions consisting of (001) terraces. With increasing

annealing T, the number of wires in a bundle tends to

decrease and, at 550 �C, wires are almost isolated (similar to

the previous observations at 560 �C (Ref. 25)). These obser-

vations are quantified in Fig. 2(a), which show the average

number of wires per bundle and the density of bundles (or

isolated wires) as a function of annealing T. The increase of

bundles with increasing annealing T is ascribed to the corre-

sponding increase in nucleation rate.26 If we grow and anneal

the sample at the same T of 560 �C, large dislocated islands

are formed, quickly gathering material from the wires,27

preventing the observation of the here-above described

phenomenology.27–29

Figure 1 indicates that also the size of the nanowires is

affected by the substrate temperature during annealing, as

quantified in Fig. 2(b). At the lower annealing temperatures

(500 and 520 �C), the bundled wires are about 0.9 nm tall

(corresponding to a base width of 9 nm), while at the higher

temperatures, the wires have a height of about 1.6 nm [see

Fig. 2(b), the error bars indicate the standard deviation].

Also the average wire length tends to increase with T but

appears to saturate above 540 �C [see Fig. 2(b)]. We attribute

the observed saturation to the increased wire density, which

eventually leads to an increased probability of “collisions”

(i.e., mutual blocking) between growing wires and also to a

decreased amount of Ge material from the WL available for

each wire.25 The Ge amount transferred from the WL into

the wires (obtained by summating the volume of all wires)

increases with increasing annealing T [Fig. 2(c)]. We shall

further comment on this observation below.

It is also interesting to investigate the evolution of the

nanowire bundles with annealing time. Figures 1(e), 1(b),

and 1(f) show AFM images of Ge nanostructures obtained

after 1 h, 12 h, and 66 h annealing at 520 �C, respectively.

After 1 h annealing, single Ge huts and bundles containing

only a few huts are observed. After 12 h annealing, the num-

ber of wires in each bundle increases significantly, indicating

that new wires nucleate adjacent to the preexisting ones.

Simultaneously, the wires grow in length. With further

annealing up to 66 h, the wires keep elongating and reach

lengths up to a few micrometers. However, no distinct

increase of the number of wires per bundle is observed, as

seen by comparing Figs. 1(b) and 1(f). These observations

are further quantified in Fig. 2(d), showing the average wire

number per bundle and average wire length as a function of

annealing time.

Let us now supply a theoretical explanation for the rich

behavior displayed in Figs. 1 and 2. In Ref. 25, we tackled

the energetics of a single, isolated wire, showing how

FIG. 1. AFM images showing horizontal Ge nanowire bundles or isolated

Ge nanowires on Si(001) substrates obtained after 12 h annealing of a Ge

wetting layer at different temperatures: 500 (a), 520 (b), 540 (c), and 550 �C
(d), and after 1 h (e), 12 h (b), and 66 h (f) annealing at 520 �C. The Ge wet-

ting layer was obtained by depositing 4.4 ML Ge at a substrate temperature

of 560 �C. Scale bar: 250 nm.

FIG. 2. Average number of wires per bundle ((a), left), surface density of

bundles ((a), right), average length of wires ((b), left), wire height ((b),

right), and Ge amount transferred from the 2D wetting layer into the 3D

nanowires during the 12 h annealing (c), as a function of annealing tempera-

ture. Average number of wires per bundle ((d), left) and average length of

wires ((d), right) as a function of annealing time at the annealing tempera-

ture of 520 �C.
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surface-energy gain prevails over strain relaxation, leading

to a preferred wire base width, once the role played by edge

energies is considered. Here, instead, we focus our attention

on lateral replication of a single wire through the wave-

propagation model introduced in Ref. 20 for Ge/Si(1 1 10).

There it was shown that once an isolated ripple is created,

the system can lower its energy by lateral replication, leading

to a set of adjacent ripples of the same size. As for such ori-

entation only two equivalent {105} facets exist,20 all ripples

were observed to propagate in the same direction, while in

the present case two equivalent elongation/propagation

directions, i.e., [100] or [010], are possible, as it is clear

from Fig. 1. Furthermore, wave propagation in Ref. 20 was

mostly a guess as the surface was quickly covered with

{105} ripples and scanning tunneling microscope images

only clarified the initial (isolated ripples) and final (full

faceting of the surface) configuration. Figs. 1(e), 1(b),

and 1(f), instead, capture the progressive evolution. In

order to apply the wave model to Ge/Si(001), we

modified trivial geometrical factors, re-computed (exploiting

a Finite Element Method solver) the elastic energy of

the wireþWLþ substrate system, and, more importantly,

we used Ge/Si(001) surface-energy values instead of Ge/

Si(1 1 10), both calculated by ab initio methods and reported

in Ref. 19.

Here we briefly recall the main ideas entering the

calculations. More details are given in the supplementary

material.27

Starting from an already existing wire (approximated by

a truncated geometry and neglecting the effect of termina-

tions, as in Ref. 25) sitting on a WL, we consider the energy

change at fixed volume along the path depicted in Fig. 3(a),

where satellite-wires are created, presumably by exploiting

the compressive stress field around the wire,2 which facili-

tates removal of atoms around its perimeter.

The energy change during the formation of the first pair

of satellites is plotted as a function of the satellite size and

for different WL thicknesses (expressed in number N of

ML’s) in Fig. 3(b), where positive values indicate that propa-

gation should not occur. Below a critical WL thickness,

estimated to be around N¼Nc� 4.2 ML, the excavation

process raises the energy of the system. This is due to the

dependence of surface energies on the WL thickness, pro-

ducing an increased cost when the distance from the exposed

Ge and the outermost Si layer beneath is small.5,16,19 Above

the critical thickness, instead, the wave propagates

generating satellites with a preferred base size, around

�10 nm in the N-range of interest for the present experi-

ments. As discussed in Ref. 20, such base value characterizes

all further satellites originated from the first pair. The results

of Fig. 3 allow us to easily interpret the experimental find-

ings. As the initial amount of deposited Ge (4.4 ML) is very

close to our predicted critical value, wave propagation

should occur only when little material is transferred from the

WL to initially isolated (i.e., far apart) wires. Fig. 2(c) tells

us that this is the situation at low growth temperatures. At

T¼ 500 �C, indeed, the transferred material is of �0.1 ML

only. Notice that this value is obtained after bundles have al-

ready formed and partially developed. Therefore the amount

of 0.1 ML, although small, overestimates the thinning of the

Ge WL at the exact moment where wave propagation starts

(the one relevant for the model). After 12 h annealing at

T¼ 520 �C the residual Ge WL approaches the predicted

critical thickness. Therefore, further annealing should not

promote additional wave propagation, and the only allowed

evolution is wire elongation.25 This is nicely confirmed by

the experimental data of Figs. 1(b) and 1(f), where the num-

ber of wires in each bundle is unchanged, while their lengths

keep increasing (Fig. 2(d)). At the highest growth tempera-

ture (T¼ 550 �C), instead, there is a� 0.6 ML transfer. This

means that the residual WL is, on average, only �3.8 ML

thick. As it is clear from Fig. 3(b), the wave should not

develop under this thin-WL condition, and this is the actual

situation seen in the experiments (mostly isolated wires).

One may still ask why the wave did not form at earlier stages

of the annealing, when the WL thickness was still suffi-

ciently large. We speculate that at high enough T, as soon as

the wave process is attempted, e.g., by expelling adatoms at

the long sides of the wire, highly mobile adatoms quickly

diffuse away (some of them eventually incorporating at the

short sides), without leading to actual nucleation of a new

satellite wire. As the process proceeds, the WL becomes

thinner so that lateral replication eventually becomes unfav-

orable. Finally, we derive from Fig. 2(c) that the residual

thickness at T¼ 540 �C is only slightly smaller than the

theoretical limiting value. Indeed, Fig. 1(c) shows only

“attempts” of lateral replication, i.e., bundles consist of up to

at most 3–5 wires, confirming the proximity to the critical

condition.

The agreement with the experiments is not limited to

predicting critical thicknesses. From Fig. 3(b) we see that the

predicted lateral size of the wires is of the order of 10 nm

FIG. 3. (a) 2D sketch of the creation of

a wave starting from a single precursor

of base b1 lying on a N-ML-thick wet-

ting layer. (b) Difference in total energy

between an isolated wire and a wire

with two satellites of variable base. In

(b) the red curve tangent to the zero

value is the one obtained for N¼Nc

¼ 4.25 ML. In the actual calculations

the base of the initial wire was set to

b1¼ 10 nm. The satellites’ base b2,

however, is practically independent

of b1.20
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(1 nm in height), in agreement with the two lowest-T data of

Fig. 2(b), i.e., the ones referring to cases where the wave

does propagate. Very importantly, this value is some 40%

smaller with respect to the typical base size predicted for an

isolated wire (determined by a different energetic balance,

exploiting however the very same set of microscopic param-

eters25). This is again in agreement with the results of

Fig. 2(b), where the higher-T point corresponds to a situation

approaching non-bundled wires (see Figs. 1(c) and 1(d) and

Ref. 25).

A full quantitative description (and prediction) of the

whole set of results displayed in Fig. 2 would clearly require

a more advanced model (e.g., an extension of the approach

proposed in Ref. 29), able to estimate to which extent kinetic

constraints would frustrate the thermodynamic limit implic-

itly assumed in our calculations, and tackling a subtle issue

such as determining critical sizes for nucleation of stable

“seeds,” eventually leading to formation of mature wires or

pyramids.30,31 In addition, some limited Si-Ge intermixing

taking place during annealing25,27 would need to be consid-

ered. However, some further qualitative conclusions can

be reached. For instance, at the low annealing temperatures

it is clear from Figs. 1(e), 1(b), and 1(f) that elongation and

wave-replication proceed on similar time scales in the initial

stages, both being frustrated by the limited mobility and the

limited possibility to generate adatoms from the WL (but

also nucleation barriers at the {105} facets could play an

important role at such low temperatures29,32). As the temper-

ature increases, wires easily elongate (reaching the micron

scale) as a result of fast mobility. Therefore, the WL quickly

gets thinner so that, as above discussed, thermodynamics

hinders wave propagation. However, the actual situation is

more complex, as mutual-blocking between wires elongating

in orthogonal directions starts setting in, leading to a frustra-

tion of the elongation, as seen in Fig. 2(b) for the highest

annealing T.

In summary, we have shown that deposition of a few

ML of Ge on Si(001), followed by in situ annealing at a

temperature lower than the growth temperature, leads to a

remarkable phenomenon. Bundles of nanowires with lengths

approaching the micron scale are created during annealing at

low temperatures and lead to a mesoscale self-structuring of

the surface. Experiments were interpreted by exploiting a

wave-propagation model which was previously suggested

for explaining the {105} faceting of Si(1 1 10).20 We have

shown that the model helps also in explaining how lateral

replication can be controlled by temperature. The quantita-

tive agreement between experiments and theory confirms the

validation of the model. Collective models for huts nuclea-

tion were already reported in the literature, in the case of

SiGe-alloy deposition on Si(001),33 where it was first sug-

gested that a sequential process was likely to be involved.

However, the treatment followed the popular description of

SK-growth in terms of surface cost vs. strain release.

Instead, here and in some previous papers involving the pres-

ent theoretical team,5,20,25 we are pointing out that creating

{105} facets actually lowers the total surface cost, the effect,

for these low aspect-ratio structures, being much stronger

than strain-release. Semiconductor heteroepitaxial systems

show striking similarities. InAs huts have also been observed

on InGaAs/InP substrate.34,35 We anticipate that the phenom-

ena of forming nanowires or nanowire bundles via the reduc-

tion of surface energy should appear in three-five material

systems, too.
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