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Ag and Pb diffusion on Ge(111)-3× 2
√
3-Sn surface has been studied by Auger electron spectroscopy and low

energy electron diffraction. The mechanism of diffusion of atoms of these elements along the Ge(111)-3× 2
√
3-Sn

surface is determined, and the temperature dependences of the diffusion coefficients are measured. The diffusion

parameters of Ag along the Ge(111)-3× 2
√
3-Sn and Si(111)-2

√
3× 2

√
3-Sn surfaces are compared.
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1. Introduction

Metals on the surface of semiconductors are of conside-

rable interest, both from a scientific and practical point of

view. Structures formed on the surface with the amount of

deposited metal from a fraction of a monolayer to several

monolayers have a variety of structural and electronic

properties. The most widely conducted studies of single-

component structures of metals such as Ag, Pb, Sn, Au,

In, Tl on silicon and germanium [1–6]. Using the second

element can lead to two-component structures (Ag,Au) [7],
(In, Au) [8], (In, Pb) [9,10], (Sn, Ag) [11,12]. The second

element, in some cases, can be used as a surfactant.

Surfactants change the energy of the surface and thereby

affect the processes (mobility, embedding in the edges of

steps, etc.) that occur on it during the growth of adsorbed

metals. Thus, for the formation of well-ordered Ag films on

Si(111), its deposition is carried out at a temperature of 100

K, and the formation of atomic-flat films with a thickness

of less than 5 ML (ML — monolayer) is difficult [13,14].
Adsorption of Ag on a Si(111) surface with a preformed

structure
√
3×

√
3-Ga or

√
3×

√
3-In or

√
3×

√
3-Sn leads

to the formation of ordered Ag films at room temperature,

and their thickness may be less than 5 ML [15–17].

Diffusion of Sn, Ag and Pb both over the atom-

ically clean Si(111) surface and the atomically clean

Ge(111) surface occurs by the solid-phase spreading mech-

anism [18–21]. In this case, the diffusion coefficients

of metal atoms on clean surfaces are much smaller than

for the surface phases formed by these atoms. At

the same time, the atoms that make up the surface

phase are stationary. Surface phases are formed on the

surface 2
√
3× 2

√
3-Sn,

√
3×

√
3-Ag, HIC-Pb (Hexagonal

InCommensurate structure consisting of domains of the

structure
√
3×

√
3-Pb, separated by domain walls [22])

and 3× 2
√
3-Sn,

√
3×

√
3-Ag,

√
3×

√
3-Pb, respectively.

Earlier we found that the diffusion coefficients of Ge over

the surface of Si(111)-2
√
3× 2

√
3-Sn is several orders

of magnitude larger than on a clean surface [23]. The

mobility of Ag atoms on this surface is also much greater

than on a clean surface, and the diffusion coefficient

depends on the concentration of atoms [24]. Surface

phases Si(111)-2
√
3× 2

√
3-Sn and Ge(111)-3× 2

√
3-Sn

have similar properties, so at a temperature of ∼ 200◦C they

reversibly rearrange to form surface phases 1× 1-Sn [25].
The values of the tin diffusion coefficients for these phases

are very close [18,21]. It is possible that the mobility of

silver and lead atoms over the tin-induced surface phase of

Ge(111)-3× 2
√
3-Sn will also be higher than on a clean

surface Ge(111).
The purpose of this work was to establish the mechanisms

of diffusion of mass transfer of Ag and Pb atoms over the

surface phase 3× 2
√
3-Sn formed on the atomically clean

surface of Ge(111), to construct temperature dependences

of diffusion coefficients and to compare the diffusion

parameters of Ag on Ge(111) surfaces and Si(111).

2. Experimental procedure

The experiments were carried out in a LAS-2000 (Rib)
setup on germanium (111) p-type samples with a resistance

of about 5� · cm and dimensions of 22× 5× 0.3mm.

To obtain an atomically clean surface with a structure

C(2× 8) (Fig. 1, a), its purification was carried out by

means of several cycles of etching the surface with Ar ions

with an energy of 750 eV and annealing of samples at a

temperature of 700◦C. The samples were heated by passing

an alternating current. The temperature of the samples was

measured using an infrared pyrometer. In the temperature

range 200−350◦C, the temperature was determined using

a thermocouple. The surface structure was controlled by

the low energy electron diffraction (LEED), and the surface

composition — using the Auger electron spectroscopy

(AES). The peaks Ag (351 eV), Sn (430 eV), Pb (94 eV) and
Ge (1147 eV) were used. The diameter of the primary

electron beam in the Auger spectrometer was about 15 µm,
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a b

Figure 1. Diffraction patterns a — atomically clean Ge(111)-C(2× 8) surface (90 eV), b — Ge(111)-3× 2
√
3-Sn surfaces (70 eV).

the energy of the primary electrons was 3 keV. The diameter

of the primary beam in the SED system had a value of the

order of 0.8mm. The EAS sensitivity was at least 2 at.% by

Ge, 0.1 at.% by Ag, 0.2 at.% by Sn and 0.3 at.% by Pb.

Concentrations were calculated based on the model of

homogeneous distribution of elements using the coefficients

of elemental sensitivity taken from the work [26]. When cal-

culating the Ag concentration using the peak Ag (351 eV),
the close location of the peak Sn (367 eV) was taken into

account. To do this, on the surface with the formed structure

3× 2
√
3-Sn, a peak Sn (430 eV) and an Auger signal were

recorded in the energy range in which the peak Ag (351 eV)
was recorded. The intensity of the received signal was taken

into account when calculating the concentration of Ag at

each distribution point CAg(x) proportional to the intensity

of the peak Sn (430 eV) at the same point.

Formation of the Ge(111) surface phase-3× 2
√
3-Sn was

carried out by depositing 1.1−1.2 ML (for Ge(111) 1 MS

is 7.21 · 1014 at/cm2) tin [27] on an atomically clean sample

surface heated to 400◦C. The diffraction pattern from such

a surface is shown in Fig. 1, b. The deposition rate of Sn

was about 0.05ML/min at a pressure of 2−4 · 10−8 Pa.

The source of Ag and Pb atoms in the diffusion study was

a strip of silver or lead with a sharp boundary deposited

on the surface of a germanium sample with the structure

3× 2
√
3-Sn. The thickness of the strips was ∼ 10ML

with a sharp border. The width of the strip was ∼ 4mm.

The edge of the strip was perpendicular to the long side

of the sample. The strip was formed using a collimator.

The blurring of the edge of the strip associated with the

geometry of the location of the source, collimator and

sample was no more than 20 µm. The deposition rate of

Sn was about 0.1ML/min at a pressure of 2−4 · 10−8 Pa.

The concentration of impurities in Sn, Ag and Pb did not

exceed 10−2 at.%.

3. Results

3.1. Diffusion of silver over surface
Ge(111)-3 × 2

√
3-Sn

On the surface of Ge(111)-3× 2
√
3-Sn after annealing in

the temperature range 300−400◦C, concentration distribu-

tions of CAg(x , t) were observed, where x is the distance

from the source of silver atoms, and t is the annealing

time. A typical concentration distribution is shown in Fig. 2.

The shape of the distributions is characteristic of diffusion

proceeding by the random walk mechanism. The resulting

distributions are described by the expression

C(x , t) = C0erfc

(

x

2
√

Dt

)

, (1)

where C0 — the concentration of atoms at x = 0.

In Fig. 2, a solid line shows the theoretical distri-

bution obtained for the diffusion coefficient calculated

from the experimental distribution points CAg(x) us-

ing the expression (1). The temperature dependence

of the diffusion coefficients obtained using the equa-

tion (1) is shown in Fig. 3 and is described by the ex-

pression D
Ag/Ge(111)−3×2

√
3-Sn

= 0.1exp(−0.6 eV/kT) cm2/s.

Figure 3 also shows the temperature dependence of

the diffusion coefficients of silver on the Ge(111)
surface-

√
3×

√
3-Ag [20] described by the expression

D
Ag/Ge(111)−

√
3×

√
3-Ag

= 2.2exp(−0.9 eV/kT) cm2/s.

Extrapolating the dependence DAg/Ge(111)-
√
3×

√
3-Ag(T )

to 300◦C, we obtain that in the temperature range

300−400◦C, the values of the diffusion coefficients of silver

over a surface with a structure of 3× 2
√
3-Sn exceed the

corresponding values on
√
3×

√
3-Ag surface by more than

an order of magnitude.

Diffusion of silver both on the surface of

Si(111)-2
√
3× 2

√
3-Sn [24], and Ge(111)-3× 2

√
3-Sn
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occurs by the random walk mechanism, but on the surface

Si(111)-2
√
3× 2

√
3-Sn there is a dependence of the

diffusion coefficient on the concentration of diffusing atoms,

and on Ge(111)-3× 2
√
3-Sn this dependency could not

be established. Surface phases Si(111)2
√
3× 2

√
3-Sn

and Ge(111)-3× 2
√
3-Sn at a temperature of ∼ 200◦C

reversibly rearrange to form surface phases 1× 1-Sn [25].
That is, the diffusion of silver atoms on the surfaces of

silicon and germanium at temperatures above 200◦C occurs

in the surface phases of 1× 1-Sn. Cooling of the samples
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Figure 2. Experimental concentration distribution CAg(x)(points)
on the Ge(111)-3× 2

√
3-Sn surface after annealing at 300◦C

for 250min and the theoretical distribution (solid line) obtained

using the calculated diffusion coefficient. The boundary of the

deposited Ag strip, which serves as a source of diffusing atoms, is

at x = 0mm.
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Figure 3. Dependences of Ag diffusion coefficients

on Ge(111)-3× 2
√
3-Sn, Ge(111)-

√
3×

√
3-Ag [21],

Si(111)-2
√
3× 2

√
3-Sn [24] surfaces for Ag concentration

0.85 at.% and Pb on Ge(111)-3× 2
√
3-Sn and

Ge(111)-
√
3×

√
3-Pb [21] from temperature.

a
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Figure 4. Diffraction pattern (72 eV) from an incommen-

surable surface structure that is observed on the surface of

Ge(111)-3× 2
√
3-Sn with a silver strip sprayed on it. The

elementary cells 1× 1 of the unreconstructed Ge(111) surface

and the incommensurable structures are denoted as a and b,

respectively.

leads to the fact that the surface phase 2
√
3× 2

√
3-Sn is

restored on the surface Si(111) occupied by the distribution
CAg(x , t) [24], whereas on Ge(111) the surface phase

1× 1 remains up to the concentration of silver ∼ 0.1 at.%.
At lower concentrations, the surface phase 3× 2

√
3-Sn is

observed. The value of the diffusion coefficient of silver
on the surface Si(111)-2

√
3× 2

√
3-Sn depends on its

concentration. It grows with a decrease in the concentration

of silver. At the same time, the value of the diffusion
activation energy decreases. Figure 3 shows the temperature

dependence of the diffusion coefficients of silver on
the surface of Si(111)-2

√
3× 2

√
3-Sn for a minimum

silver concentration of 0.85 at.% of the obtained in the
work [24] This dependence is described by the expression

D0.85Ag/Si(111)−2
√
3×2

√
3-Sn = 68 exp(−1.0 eV/kT ) cm2/s.

The values of the diffusion coefficients of silver on this

surface are closer to the corresponding values on the
surface of Ge(111)-3× 2

√
3-Sn than on the surface of

Ge(111)-
√
3×

√
3-Ag.

A diffraction pattern was observed on the surface occu-

pied by a strip serving as a source of silver atoms, as shown
in Fig. 4. This picture corresponds to a surface structure

incommensurable with the unit cell of an unstructured
Ge(111) surface. The vectors of an elementary cell of in-

commensurable structure are approximately 2.7 times larger
than the corresponding vectors of the surface Ge(111).

3.2. Diffusion of lead over surface
Ge(111)-3 × 2

√
3-Sn

Concentration distributions CPb(x , t) on the

Ge(111)-3× 2
√
3-Sn surface were obtained in
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the temperature range 200−300◦C. The shape
of the distributions is similar to that shown in
Fig. 2 and corresponds to diffusion by the random
walk mechanism. The diffusion coefficients were
calculated using the expression (1). The temperature
dependence of the diffusion coefficients is shown
in Fig. 3 and is described by the expression
D

Pb/Ge(111)-3x2
√
3-Sn

= 4.5 exp(−0.4 eV/kT ) cm2/sec. The
dependence of the diffusion coefficients of lead on
its concentration, as well as silver, on the surface
of Ge(111)-3× 2

√
3-Sn could not be detected. The

diffusion of lead, like silver, leads to the fact that on
the surface where the concentration of lead exceeds the
value of ∼ 0.5 at.%, after cooling the sample to room
temperature, the structure of 1× 1 is observed. At
lower concentrations, the original structure of 3× 2

√
3 is

restored. The structure of
√
3×

√
3 was observed on the

surface occupied by a strip of lead. Figure 3 also shows
the temperature dependence of the diffusion coefficients
of lead over the Ge(111)-

√
3×

√
3-Pb surface [21]

described by the expression D
Pb/Ge(111)-

√
3×

√
3-Pb

=

= 5.3 · 103 exp(−1.0 eV/kT ) cm2/sec. In the temperature
range 200−300◦C, the values of the diffusion coefficients
of lead over a surface with a structure of 3× 2

√
3-Sn are

greater than the corresponding values on the surface of√
3×

√
3-Pb, but the differences are less than in the case

of silver diffusion.

4. Conclusion

The mechanisms of diffusion of silver and lead atoms over
a surface with a Ge(111)-3× 2

√
3-Sn structure have been

established. The diffusion of silver and lead atoms over
this surface proceeds by a random walk mechanism. The
temperature dependences of the diffusion coefficients of the
atoms of these elements are obtained. The dependence
of the diffusion coefficients of silver and lead atoms on
their concentration, in contrast to the diffusion of silver
atoms over the surface of Si(111)-2

√
3× 2

√
3-Sn [22], is

not observed.
It is found that the values of the diffusion co-

efficients of silver and lead atoms over the surface
of Ge(111)-3× 2

√
3-Sn in the considered temperature

ranges is greater than the corresponding values for
Ge(111)-

√
3×

√
3-Ag and Ge(111)-

√
3×

√
3-Pb, and the

activation energy is less. The values of the diffu-
sion coefficients of silver atoms on the surfaces of
Ge(111)-3× 2

√
3-Sn and Si(111)-2

√
3× 2

√
3-Sn for a sil-

ver concentration of 0.85 at.% are close.
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