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Synthesis of Au/Si nanostructures by STM lithography
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A technique for synthesizing nanostructures by current lithography in a scanning tunneling microscope (STM
lithography) in layered Au/Si structures has been developed. An experimental dependence of the geometric

dimensions of the created nanostructures on the time of current STM lithography has been obtained. A theoretical

model for the growth of nanostructures is proposed, which explains the nonlinear dependence of the radius of the

obtained nanostructures on time with saturation in the region of large radii.
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One of the most topical issues in the field of computer

engineering development is enhancing the efficiency of

the state−of−the−art integrated microchips. A promis-

ing approach to solving this problem may be the inte-

gration of photonic and electronic components into the

new−generation optoelectronic microchips. The pho-

tonic components may be conditionally subdivided into

three types: sources of optical signals [1], devices

for information processing [2,3], and devices for infor-

mation transmission [4]. Packaged electrically driven

sources of optical emission are among the key compo-

nents of any optoelectronic system. The existing lasers

ensuring the solution of this−field problems, such as

vertical−cavity lasers [5], microring/microdisk lasers [6] or
single−nanoparticle lasers [7], have cavities with geometric

sizes significantly exceeding the emission wavelength, which

prevents applying them in the integrated optoelectronic

systems. Moreover, they are hardly compatible with

CMOS technologies. The mentioned drawbacks may be

eliminated by replacing local light sources with structures

based on the effect of photon emission during inelastic

electron tunneling through the nanocontact [8].

Because of its simplicity and universality, the scanning

tunneling microscope (STM) is an efficient tool for studying

the emission from the tunneling nanocontact [9]. One

more STM advantage is the possibility of the surface

modification under the probe tip (the STM lithography

technique [10,11]). STM allows not only manipulation of

sole atoms but also modification of the surface in the spec-

ified sample area by passing high−density current [12,13].
There exist several methods for modifying the surface under

the STM probe tip, for instance, sublimation or chemical

reaction induced by tunneling electrons, Joule heating, field

evaporation, etc. [14].

This paper proposes a new technique for synthesizing

nanoscale electrically driven sources of optical emission

based on CMOS−compatible materials: Au and Si. For

this purpose, STM lithography is used, which enables local

modification of the Au/Si thin film stacks by local heating.

To create samples with Au/Si thin films, first the

as−cleaved plates of mica K2O · Al2O3 · SiO2 (Tip-
sNano Co, Estonia) were placed into the chamber of the

vacuum thermal evaporation setup (Boc Edwards Auto 500,

Great Britain). Then the vacuum system was evacuated

to the residual pressure no worse than 10−7 mbar with

subsequent degassing the samples for 15min at 200◦C.

After that, Au layers 100 nm thick were applied on the

substrates heated to 130◦C with the deposition rate of

6−7 nm/min. After the Au deposition, the samples were

transferred to the ultrahigh−vacuum chamber of STM

Omicron VT AFM XA 50/500 (Scienta Omicron, Germany)
where they were additionally annealed at the temperature

higher than 150◦C in order to remove the adsorbate from

the surface. The STM vacuum chamber contained also a

module for the Si film thermal deposition. In addition, a

layer of undoped Si 10 nm thick was deposited on the Au

surface.

The studies employed commercially available Pt/Ir probes

DPT10 (Bruker, USA). The STM technique for synthesizing

nanostructures on film surfaces consists of several stages

illustrated in Fig. 1, a. First it is necessary to obtain the to-

pography of the area selected for modification (Fig. 1, b) in

the mode of low current (Is p = 0.1 nA) at low nanocontact

bias voltage (Vbias = 0.5V). Then the probe is displaced to
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Figure 1. a — schematic diagram of the technique for creating a composite nanostructure; b, c — STM images of the sample surface

and created Au/Si nanostructure, respectively. The inset presents the nano−hillock profile.

the selected area, and local modification of the surface is

performed by applying an electric pulse −10V in voltage

and tens of milliseconds to tens of seconds in length.

During the pulse exposure, the STM feedback gets broken.

After that, the topography is scanned and visualization of

the surface modification results, namely, formation of a

nanostructure in the form of a
”
nano-hillock“ (Fig. 1, c),

is performed.

It is possible to assume that the mechanism of

nano−hillocks formation in layered Au/Si films is connected

with local Joule heating by high−density current in the zone

beneath the STM probe. Mutual diffusion of the materials

in this zone results in formation of the Au/Si composite

structure. The STM impact with the same parameters on

the Au film does not cause similar surface modifications,

which may be explained by that heat transfer in the Au film

is more efficient.

The STM image presented in Fig. 1, c clearly ex-

hibits coagulated nanometer−diameter droplets around the

nano−hillock, which are typical of the thin film local heat-

ing. A similar effect may be observed for particles created

by laser ablation. Paper [15] describes the formation of

hybrid Si/Au nanoparticles from the Si (60 nm)/Au (15 nm)

film by laser ablation with a femtosecond laser. As shown

in [15], investigation with a transmission electron micro-

scope revealed that those nanoparticles have polycrystalline

silicon structure with Au inclusions. We assume that

nano−hillocks obtained by STM lithography have a similar

composite composition, which opens an opportunity to use

such systems as nanoscale sources of optical emission.

To determine the dependence of sizes of the formed

nanostructures on parameters of the STM lithography on

the sample consisting of a stack of Au (100 nm)/Si (10 nm)
films, a set of nano−hillocks fabricated under different

conditions was prepared. It was revealed experimentally that

the nano−hillock diameter increases with increasing pulse

length and current. The nanostructure radius dependence on

the pulse length (or exposition time) is of the pronounced

nonlinear character (Fig. 2, a). The proposed technique

ensures formation on the Au/Si thin film surfaces of

nanostructures with the minimal radius of about 30 nm.

To explain the nonlinearity of the nanostructure radius

dependence on the exposition time (see Fig. 2, a), let

us use the relation for the rate of the particle number

increase in nucleus i [16–18] which is conventional for the

nanostructure growth theory:

di
dt

=
ζ (t)
τ

i p. (1)

Here ζ (t) is the oversaturation (excess concentration)
caused by local heating of the Au/Si film during STM

lithography, τ is the characteristic growth time, p is the

power index varying in the 0 6 p < 1 range (typically,
p = 0, 1/3, 1/2, 2/3, depending on the mass transfer

mechanism [16,17]). It is reasonable to assume that the

oversaturation decreases from a certain maximum ζ0 to zero

because of the temperature equalization and vanishing of

local heating due to the thermal conductivity. We use for

ζ (t) the power−law model ζ (t) = ζ0/(1 + t/t∗)α , where

t∗ is the characteristic time of the oversaturation reduction,

α > 0 is the power index. To our opinion, the nano−hillock
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Figure 2. a — the nano−hillock radius versus the time of expo-

sure, in the framework of STM lithography, to different−length

pulses with equal preset currents (20 nA) and bias voltages

(−10V). Symbols represent the measured dependence; the curve

was obtained via relation (2) at r0 = 25 nm, A = 60 000, t∗ = 5 s,

α = 1.1 and p = 0. b — theoretical time dependence of radius

at different parameters. Curve 1 is the same as in panel a,

curve 2 corresponds to the unlimited growth at α = 0.5, curve 3

corresponds to the growth suppression at low t∗ = 0.1 s due to

fast reduction of oversaturation.

shape is defined by the surface energy state and persists

during the growth [19]; thus, the relationship between i
and radius r may be expressed as i = Cr3, where C is

independent of exposition time t .
Integrating equation (1), obtain for the nanostructure

radius

r =

{

rq
0 +

At∗
1− α

[(

1 +
t
t∗

)1−α

− 1

]

}1/q

, (2)

where q = 3(1 − p) and A = (1− p)ζ0/(C1−pτ ). The

obtained expression provides two important conclusions.

First, the nanostructure radius increases unlimitedly at

α < 1, while at α > 1 this increase is restricted, i. e. the

nanostructure radius tends to a constant. Value α = 1

corresponds to the logarithmic growth of radius with time.

Second, the nano−hillock formation is possible only when

the oversaturation reduction time t∗ is sufficiently large, i. e.,

the heat transfer should not be too fast. At t/t∗ ≪ 1, relation

(2) appears as follows:

r =
(

rq
0 + At

)1/q
, (3)

which corresponds to the island growth at constant oversat-

uration ζ0 and coincides with the result of [16].
The curve presented in Fig. 2, a, which provides the

best agreement with experimental data, was obtained from

relation (2) at A = 60 000, t∗ = 5 s, α = 1.1 and p = 0.

Value p = 0 corresponds to the diffusion−controlled growth

of a three−dimensional island at the atom diffusion lengths

significantly exceeding the island linear dimensions [17].
Fig. 2, b presents the curves corresponding to the unlimited

growth at α = 0.5 and almost total absence of the growth at

t∗ = 0.1 s. The latter qualitatively corresponds to the case

of a pure Au film where islands fail to arise because of a

more efficient heat removal in the film area under the STM

tip due to a higher thermal conductivity of Au as compared

with Si.

Thus, the paper presents the technique for the

STM−lithography synthesis of nanostructures in layered

Au/Si structures. An experimental dependence of the

geometric dimensions of the created nanostructures on the

time of the current STM lithography has been obtained.

A theoretical model explaining the nonlinear character of

the nanostructure size dependence on the pulse length has

been proposed. This technique was successfully applied to

the Au/Si films, which makes it potentially compatible with

the up−to−date CMOS procedure.
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