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Abstract We report the growth of Ge islands on Si

(001) substrates with lithographically defined two-

dimensionally periodic pits using focused ion-beam

patterning and molecular beam epitaxy. The formation

of circularly ordered Ge islands has been achieved by

means of nonuniform strain field around the periphery

of the holes due to ion bombardment. Lateral ordering

of the Ge islands have been controlled by both the pit

size and pit separation. Preferential growth at the pit

sites has also been achieved by using appropriate

pattern shape and size.
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Introduction

There has been a keen interest in semiconductor

nanostructures, motivated by future applications to

electronic and optoelectronic devices (Wolf et al.

2010; Singha et al. 2010; Walters et al. 2005). A

variety of methods have been proposed to fabricate

these structures; one of them being the use of

heteroepitaxial self assembling of three-dimensional

(3-D) islands, which offers a promising route toward

the fabrication of quantum dots (QDs) for device

applications. A range of interesting structures can form

spontaneously due to the lattice-mismatch between the

substrate and the epitaxial layer, as the system seeks to

minimize the total strain and surface energy. The growth

of Ge islands on Si substrates via the above-mentioned

Stranski–Krastanow growth mode has been extensively

investigated as this opens up the possibility to integrate

optoelectronics with planer Si technology. Self-assem-

bling techniques, in which the growth is stochastic,

produce QDs that are rather heterogeneous in size and

randomly distributed. The Ge islands grown on flat Si

substrates are usually spatially random (Singha et al.

2008) and show large size dispersion due to nearly

random migration of Ge adatoms on to the flat surface.

However, for most device applications, a controlled

spatial arrangement is required and the ability to pattern

semiconductor cluster arrays with perfect order and

controlled dimensions remains a challenge.

For electronic applications where a handful of

islands are involved with Coulomb Blockade and

quantum size effects come into play, narrow size

distribution and controlled spatial arrangement are

required. Precise positioning and the size control of

self-assembled islands formed during lattice-mis-

matched epitaxy is particularly difficult to achieve
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because of the spontaneous nature of island growth,

and this has led to an intense interest in devising ways

to control the positions at which they nucleate. To

improve the spatial ordering of QDs, one strategy is to

convert the stochastic nucleation process into a

deterministic one by directing nucleation to the

predefined surface sites via surface engineering. Island

nucleation on the predesigned patterned sites not only

induces high spatial ordering of islands but also

improves their size uniformity. Many demonstrations

of spatial control of the nucleation of epitaxial QD

growth exist in the literature, such as those arising

from strain interactions in 3-D QD arrays (QD

superlattices) (Zhong et al. 2008; Karmous et al.

2007), topographical/morphological features such as

facet intersections, mesas (Portavoce et al. 2006; Xie

et al. 1995; Teichert et al. 1996), the effect of nanoscale

pits using scanning tunneling microscope nanofabrica-

tion (Kamins and Williams 1997) and because of the

buried strain fields such as those from dislocations

(Berbezier et al. 2003; Karmous et al. 2004).

Recently interest has grown for achieving the

desired ordering by using a combination of self-

assembled QD growth and surface prepatterning

(Szkutnik et al. 2004; Ross 2000; Kim et al. 2003;

Schulli et al. 2009), which demonstrated a route to

form regularly arranged islands. The size homogeneity

of the islands on patterned substrates has considerably

improved with respect to that on the flat ones. Though

most study has focussed on growth of islands inside

the pits but there are not much reports on the growth

with varying the space between the pits. In this study,

we demonstrate the growth of circularly ordered Ge

islands on prepatterned Si (001) substrates using

relatively higher pit depths and pit separation as

compared to the reported in literature (Zhong et al.

2008; Portavoce et al. 2006). The dependence of

preferential ordering of islands on the size of the pits

and the spacing between them is discussed in detail.

Experimental

Ge QDs were grown by solid source molecular beam

epitaxy (MBE) on focused ion-beam (FIB) patterned

substrate. FIB experiments were carried out in an FEI

HELIOS 600 dual beam system. The Si (001) substrate

surface was patterned with two-dimensional (2-D)

periodic hole arrays using a FIB with Ga? ion energy

of 30 keV and beam current of 21 pA. Arrays of about

10 9 10 holes of diameter varying from 100 to

500 nm and depth of 50 nm were fabricated at a fixed

volume per dose (0.15 lm3/nC). In order to understand

the behavior of growth on separation of the holes, the

hole spacing was varied for a large range. The milling

time used for each array varied between 20 and 5 s.

These as-fabricated holes were surrounded by a raised

ring of the sputtered material that increased the entire

diameter from the estimated one. For example, as

shown in Fig. 1, the circular holes of estimated diameter

100 nm was increased to about 130 nm. Similarly the

one noted later in this report as 200 nm was actually

estimated to be 150 nm, which increases by 40–50 nm

during milling. Therefore, hereafter we quote the values

of hole size and spacing actually obtained after milling.

To remove the Ga contamination induced by the

FIB process, the patterned substrate was chemically

cleaned in an HCl:H2O solution followed by an

annealing and another HCl bath treatment. After

removing Ga ion, prepatterned substrates were cleaned

using a standard RCA cleaning process and a subsequent

HF dip to form a hydrogen passivated surface. Then Ge

QDs were grown in a solid source MBE chamber using

an electron gun for the deposition of a thin buffer layer

(*5 nm) of Si with a growth rate of 0.4 Å/s and a

Knudsen cell for Ge deposition followed by a 2-nm Si

cap layer. The Ge growth rate was kept constant at

0.5 Å/s. In order to study the influence of growth

temperature, Ge deposition was carried out at two

Fig. 1 Circular hole patterns made on Si substrate by FIB

milling



different substrate temperatures (550 and 600 �C). The

residual pressure of the chamber was maintained at

5 9 10-10 Torr. The details of the samples grown have

been tabulated in Table 1. The surface morphology of

the samples was studied ex-situ after growth by a Veeco

Nanoscope-IV AFM operated in contact mode and

FESEM using HELIOS 600 Dual Beam system, FEI,

and JEOL JSM-6700F.

Results and discussion

Figure 2 shows the SEM image of the unpatterned

regions of the substrate grown at 600 �C. The image

shows the growth of nanosized islands at random

locations with a density of about 5 9 109/cm2. On a

closer examination by atomic force microscopy, the

islands are mostly found to be multifaceted domes

(shown in Fig. 3a) which coexist with square-based

pyramid (shown in Fig. 3b) and hut-like structures,

respectively. The size distribution is observed to be

bimodal as shown in the inset of Fig. 2 with average

size around 60 and 110 nm. The random distribution

of islands is also observed in case of growth at 550 �C.

However, in this case, the islands are mostly square-

based pyramids with mean size *40 nm and higher

density of about 4 9 1010/cm2 due to smaller diffu-

sion length of Ge adatoms at this growth temperature.

Figure 4 shows the SEM image of Ge islands in the

FIB patterned region grown at a temperature of 550 �C

(sample S1). The pits are of 200 nm diameters with a

spacing of about 250 nm. The islands are observed to be

randomly oriented in the regions between the pits. Most

interestingly, they are found to be aligned in a circular

fashion along the periphery of the pits, which is clearly

visible in the AFM image (inset of Fig. 4) recorded

around a single pit. The islands are found to align in a

ring-like pattern at the edge of the pit. The islands are

not clearly visible inside the pits in both AFM and SEM

Table 1 The details of the grown samples

Sample

names

Growth temperature

(�C)

Hole

diameter

(nm)

Hole

spacing

(nm)

S1 550 200 250

S2 600 200 250

S3 600 200 800

S4 600 200 70 and 140

S5 600 500 150
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Fig. 2 SEM image

of Ge islands grown on

unpatterned region at a

substrate temperature

600 �C



images. Since, the density of islands is quite high at this

growth temperature, the nucleation at preferential site is

difficult to achieve. Therefore, we confined our study

mainly on samples grown at 600 �C.

Similar behavior of nucleation of islands around the

edge of the pits has been observed for samples with

higher growth temperature. Figure 5a shows the SEM

image of the sample S2, where Ge islands were grown

in the patterned region at 600 �C. The pit size and their

spacing are kept nearly same as the previous case for

comparison. It is clear from the SEM image that the

islands have nucleated preferentially near the hole

edges. This nature of island formation in a circular

fashion is present around almost all the holes. This is

also evident in the 2-D AFM image shown in Fig. 5b.

However, islands are found to grow inside a few pits as

well, though the population of islands per pit is much

less than one.

Figure 6 shows the SEM micrograph of the grown

islands on FIB patterned substrate with larger hole

spacing (sample S3). The preferential circular organi-

zation of Ge islands is more pronounced in this case,

where the hole spacing is large compared to the hole

size. The islands around the holes are found to be larger

in size compared to those in between the holes. The size

distributions for islands around the pits and in between

the pits are presented in Fig. 6b, c, respectively. Both

the distributions are Gaussian with a mean size around

170 and 80 nm, respectively. On planar substrates, the

ripening of larger/steeper islands takes place at the

expense of smaller/shallower islands. Since there is

enough space between the pits, it allows for material

exchange among islands and migration toward the pit

edges. Hence coarsening takes place around the pit

edges leading to the formation of larger size ‘super-

domes’ leaving smaller domes and pyramids in the

interstitial regions of the pattern. Larger sized domes

may form near the edges due to migration of adatoms

from the inner wall of the pits and also from the

interstitial regions for strain relaxation. This can be

attributed to the strain gradient around the periphery of

the holes occurring due to the ion bombardment.

The driving force for islands nucleation is chemical

potential. The difference of the chemical potential of a

patterned surface as compared to a planar surface can

be expressed by (Srolovitz 1989)

Dl ¼ Dcjðx; yÞ þ DEsðx; yÞ ð1Þ

where the first term describes the change of the surface

energy with the surface curvature k(x,y) and the

Fig. 3 AFM micrograph of typical a dome and b pyramid structures

Fig. 4 SEM image of Ge islands grown on pattern substrate at

550 �C (sample S1). Inset shows the AFM image of islands

around one pit



second term describes the change of the local strain

energy induced by the holes. The change in surface

energy is lowered on concave surfaces (inside the

holes) while the change in local strain energy is

lowered on convex surfaces (hole edges) (Srolovitz

1989). In a convex region, an atom has, on the average,

fewer neighbors, so its chemical-bond energy is lower,

increasing its chemical potential. However, its strain-

relaxation energy is larger, as the compressed Ge

bonds can extend more easily to their unstrained

length, decreasing its chemical potential. The reverse

is true in a concave region. Thus, for a curved

compressively strained film, the strain is partially

relieved in the convex regions relative to a flat film, but

higher in the concave regions. The degree of strain

relaxation is also related to the local curvature

(Srolovitz 1989). The theoretical prediction made by

Hu et al. (2008) revealed that island nucleation is

generally enhanced on the patterned substrates due to

the reduction of energy barrier by surface curvature

effect and more effective mode of strain relaxation.

The inter-play of these two factors drives the preferred

nucleation sites to vary from the top of an apex to the

bottom of a valley, and to the sidewall of a slope. In

general, if strain relaxation is dominant, the islands

nucleate in the valley. On the other hand, if surface

energy is dominant, islands nucleate in the valley and/

or on the apex. The Si and/or SiGe buffer layers

change the surface energy anisotropy and partially

relax the strain. The balance between these two effects

alters the preferred nucleation sites. The high sensi-

tivity of nucleation sites to surface energy anisotropy

means that local surface curvature (i.e., step density)

can play a critical role in directing island nucleation. If

surface patterns are steeper, the strained islands are

more preferred to nucleate on the apex or on the valley

as compared to the flat surfaces. Islands can thus

nucleate at sidewalls of patterns (Kitajima et al. 2002)

or at the edges (Kamins and Williams 1997; Yang

et al. 2004), where local surface curvature is high.

Island nucleation taking place preferentially around

the hole edges implies that the local surface curvature

is dominant. So when the pit size is small, the shape of

the pit is truncated inverted pyramid and Ge adatoms

inside the pits gain enough energy to overcome

diffusion barrier and get out of the holes. They then

coalesce with the Ge adatoms arriving from the flat

surface toward the edges to nucleate there. In such

cases as in samples S2 and S3, we observe islands to

nucleate around the pits in a circular fashion depend-

ing upon the shape of the pits (see Figs. 5, 6).

However, for smaller hole spacing as in sample S4,

there is a tendency of breaking this circular organiza-

tion. In Fig. 7, the SEM image shows the island

formation in the array of holes with the spacing of

about 70 nm in the X-direction and 140 nm in the

Y-direction. Ge islands are found to grow inside all the

pits. All the pits are filled with more than one island.

The larger sized domes grow mainly at side wall of the

pits, while smaller islands in a few of the pit bottoms.

The micrograph clearly shows that though the islands

have a tendency to align around the periphery of the

Fig. 5 a Micrograph of circularly ordered Ge islands in

patterned region grown at 600 �C (sample S2), and b 2-D

AFM images of the corresponding sample



holes near the edges, the organization of islands in a

circular fashion is absent. The fact that no islands are

observed between pits in the X-direction indicates that

the migration length of the Ge adatoms is larger than

the hole spacing. The surface diffusion length L of an

adatom moving on patterned substrates is given by

L = (Ds)�, where D denotes the diffusion constant

and s is the time interval for adatom diffusion. The

diffusion constant D depends on the growth temper-

ature and also on the effective barrier for adatom

diffusion on patterned substrate. The diffusion length

of Ge adatoms is expected to be nearly 200 nm for

growth at 600 �C (Zhong et al. 2008). Since the

diffusion length is quite high compared to hole

spacing, Ge adatoms from the pit bottom and from

inter-pit regions migrate toward the pit sidewall for

strain relaxation. Thus, nucleation takes place along

the sidewall due to Ge adatoms from both outside and

inside the pits giving rise to larger domes as shown in

Fig. 7. Population of islands in each pits now

increased to nearly three in comparison to a population

of less than one in previous two cases. So the density

of islands outside the pits or holes decreases to

1 9 109/cm2, which is much less compared to the

earlier cases. It may be noted that the islands are found

to grow outside the pits mostly in the Y-direction,

where the hole spacing is more. Islands have a tendency

to organize around the periphery of each pit, though

some of them are found to grow at random positions.

Finally for sample S5, where the hole (or pit) size is

much larger, the nucleation of Ge islands is observed

at the center of the pit and also along the periphery.

3-D AFM image in Fig. 8 shows Ge island growth in

an array of holes having hole diameter of 500 nm and

spacing of about 150 nm. It is seen that Ge islands

grow preferentially at the center of every pits and few

along the inside wall of the pits. Some islands have

been found to grow around the pit edges also since the

pit spacing is comparable with the adatom diffusion

length. The island size is quite uniform both inside and
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Fig. 6 a SEM image of Ge

islands grown on patterns

with larger inter-hole gaps

(sample S3). The size

distributions for islands are

shown b around the pits and

c in space between the pits



outside the pits. When the pit size is much larger, the

pit bottoms are more flat and are favorable sites for

island nucleation. So islands are observed to nucleate

at the bottom of every pits (see Fig. 8). Since the

spacing between the pits is comparable to the diffusion

length, adatoms that can migrate inside the pits

nucleate along the side walls, while rests nucleate

around the pit edges.

It is to be noted that in most of the cases Ge islands

are located on the flat surface near the peripheral

region of holes (as observed in Figs. 4, 5, 6). Due to

higher impingement flux on the flat surface, the

adatom density is higher causing nucleation on the flat

surface both near the periphery and also in between the

holes for larger hole spacing. Apart from this, islands

are also observed inside the pits at the elevated

temperature. The driving force for the migration of Ge

adatoms into the pits is the reduced surface energy.

However, there could be a barrier against the migra-

tion of Ge adatoms into pits such as Ehrlich–

Schwoebel (ES) barrier. The ES barrier is a barrier

for an adatom to diffuse down a surface step (Schwo-

ebel and Shipsey 1966; Ehrlich and Hudda 1966),

which here is the pit edge. Thus, the Ge adatom

migration toward the pit is favored by the reduction of

surface energy and opposed by the ES barrier. So most

of the Ge adatoms are found to align on the flat surface

near the periphery of the pits in the shape of the pit

structure while at elevated temperature when pit

spacing is less some adatoms can overcome the barrier

and nucleate inside the pits.

Conclusions

We have studied the growth of Ge islands on FIB

patterned Si (001) surfaces. The topographical anal-

ysis allowed us to investigate qualitatively the

Fig. 7 Micrograph of Ge islands grown on patterns with

smaller inter-hole gaps (sample S4)

Fig. 8 3-D AFM image of

sample S5, with larger hole

size



processes that control the nucleation sites of self-

assembled islands. The preferential nucleation of Ge

islands in or around the pits or holes is attributed to

local strain, surface potential and ES barrier, which is

controlled by the pattern geometry, growth tempera-

ture and incident flux. Results suggest that the circular

ordering of islands on the patterned surfaces originates

from the nonuniform strain field around the periphery

of the hole due to ion bombardment. The preferential

growth of Ge islands at the pit bottom has also been

achieved by controlling the periodicity of the pits and

their geometry. The findings are discussed in terms of

surface diffusion length and the periodicity of pits. It is

found that well ordered and uniform distribution of

islands can only be obtained on patterned substrates at

intermediate temperatures when diffusion length is

comparable to periodicity of pits.

Acknowledgments The authors thank the Department of

Science and Technology (DST), Govt. of India, for financial

support. The work performed at IIT Kharagpur is supported by

DST ‘MBE’ project. The authors are grateful to Dr. A. Dhar for

discussions.

References

Berbezier I, Ronda A, Portavoce A, Motta N (2003) Ge dots self-

assembling: surfactant mediated growth of Ge on SiGe

(118) stress-induced kinetic instabilities. Appl Phys Lett

83:4833

Ehrlich G, Hudda H (1966) Atomic view of surface diffusion:

tungsten on tungsten. J Chem Phys 44:1039

Hu H, Gao HJ, Liu F (2008) Theory of directed nucleation of

strained islands on patterned substrates. Phys Rev Lett

101:216102

Kamins TI, Williams RS (1997) Lithographic positioning of

self-assembled Ge islands on Si(100). Appl Phys Lett

71:1201

Karmous A, Cuenat A, Ronda A, Berbezier I, Atha S, Hull R

(2004) Ge dot organization on Si substrates patterned by

focused ion beam. Appl Phys Lett 85:6401

Karmous A, Berbezier I, Ronda A, Hull R, Graham J (2007)

Ordering of Ge nanocrystals using FIB nanolithography.

Surf Sci 601:2769

Kim HJ, Zhao ZM, Xie YH (2003) Three-stage nucleation and

growth of Ge self-assembled quantum dots grown on par-

tially relaxed SiGe buffer layers. Phys Rev B 68:205312

Kitajima T, Liu B, Leone SR (2002) Two-dimensional periodic

alignment of self-assembled Ge islands on patterned

Si(001) surfaces. Appl Phys Lett 80:497

Portavoce A, Kammler M, Hull R, Reuter MC, Ross FM (2006)

Mechanism of the nanoscale localization of Ge quantum

dot nucleation on focused ion beam templated Si(001)

surfaces. Nanotechnology 17:4451

Ross FM (2000) Growth processes and phase transformations

studied in situ transmission electron microscopy. IBM J

Res Dev 44:489

Schulli TU, Vastola G, Richard M-I, Malachias A, Renaud G,

Uhlık F, Montalenti F, Chen G, Miglio L, Schaffler F,

Bauer G (2009) Enhanced relaxation and intermixing in Ge

islands grown on pit-patterned Si (001) substrates. Phys

Rev Lett 102:025502

Schwoebel RL, Shipsey EJ (1966) Step motion on crystal sur-

faces. J Appl Phys 37:3682

Singha RK, Das S, Majumder S, Das K, Dhar A, Ray SK (2008)

Evolution of strain and composition of Ge islands on Si

(001) grown by molecular beam epitaxy during postgrowth

annealing. J Appl Phys 103:114301

Singha RK, Manna S, Das S, Dhar A, Ray SK (2010) Room

temperature infrared photoresponse of self assembled Ge/

Si (001) quantum dots grown by molecular beam epitaxy.

Appl Phys Lett 96:233113

Srolovitz DJ (1989) On the stability of surfaces of stressed

solids. Acta Metall 37:621

Szkutnik PD, Sgarlata A, Nufris S, Motta N, Balzarotti A (2004)

Real time scanning tunnelling microscopy observation of

the evolution of Ge quantum dots on nanopatterned Si(001)

surfaces. Phys Rev B 69:201309

Teichert C, Lagally MG, Peticolas LJ, Bean JC, Tersoff J (1996)

Stress-induced self-organization of nanoscale structures in

SiGe/Si multilayer films. Phys Rev B 53:16334

Walters RJ, Bourianoff GI, Atwater HA (2005) Field-effect

electroluminescence in silicon nanocrystals. Nat Mater

�����

Wolf CR, Thonke K, Sauer R (2010) Single electron transistor

based on self assembled silicon-on-insulator quantum dots.

Appl Phys Lett 96:142108

Xie Q, Madhukar A, Chen P, Kobayashi NP (1995) Vertically

self-organized InAs quantum box islands on GaAs(100).

Phys Rev Lett 75:2542

Yang B, Liu F, Lagally MG (2004) Local strain-mediated

chemical potential control of quantum dot self-organiza-

tion in heteroepitaxy. Phys Rev Lett 92:025502

Zhong Z, Chen P, Jiang Z, Bauer G (2008) Temperature

dependence of ordered GeSi island growth on patterned Si

(001) substrates. Appl Phys Lett 93:043106


	Preferential ordering of self-assembled Ge islands on focused ion-beam patterned Si(100)
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


