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A RHEED study of the initial stages of Mn5Ge3 epitaxial growth on Si(111)
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The results of the crystal structure investigation of the interface layer and surface formed during the Mn5Ge3
thin film growth on silicon are presented in this paper. The dynamics of phase composition changes in the film at

the initial stages of Mn5Ge3 growth on Si(111) 7× 7 at 390 ◦C was studied by the reflected high-energy electron

diffraction method. The diffraction data were analyzed by combining experimental patterns and calculated electron

diffraction patterns for the expected phases, taking into account the data from the equilibrium phase diagrams. It

was found that during the deposition of the first 0.5 nm, the formation of MnSi silicide predominates, then Mn5Ge3
begins to form together with MnSi at a film thickness of 2.5 nm. The single-phase Mn5Ge3 film begins to grow

only at a thickness of more than 10 nm. Using atomic force microscopy, it was shown that when maintaining the

stoichiometric ratio of Mn and Ge flows, during further growth on a silicon substrate without a buffer layer, a

layer-by-layer plus island growth mode of the Stranski–Krastanov is realized.
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DOI: 10.61011/PSS.2025.01.60579.276

1. Introduction

The creation of new materials and technologies that

will allow the development of devices with lower energy

consumption or with new functions is an urgent task of the

scientific community. The transition to spintronic devices

that use the degrees of freedom of electron spins, as

well as their transport through semiconductor layers, is

one of the most important areas of scientific research, the

development of which will increase the speed of RAM and

expand the possibilities of data storage, transmission and

processing [1–5].

A solid solution of Mn5Ge3 is one of the promising mate-

rials [6–10] for solving semiconductor spintronics problems.

It is a ferromagnetic metal with a Curie temperature of

296K, which can be increased by doping with carbon [11],
iron [12] or antimony [13]. In addition, it has a high spin

polarization, and the effects of spin injection and detection

into a semiconductor have already been demonstrated for

it [14].

Mn5Ge3 films are most often synthesized on Ge sub-

strates [15,16], since the thermodynamics of the Mn−Ge

system favors this process, i. e. the enthalpy of formation is

low compared to other compounds in the phase diagram

of Mn−Ge [17]. This is also facilitated by the low

lattice mismatch. GaAs(001) [18,19] and GaSb(001) [19]
substrates are less commonly used. However, synthesis

on Si(111) substrates is complicated due to a significant

lattice mismatch (8%), as well as the formation of different

manganese silicide phases. At the same time, it is necessary

to synthesize promising ferromagnetic films on silicon

substrates for combining the silicon industry capabilities

and the spintronics potential. A special control of the

material layers growth process with high crystalline quality

and correct stoichiometry is required for the implementation

of devices with high efficiency of spin injection and the

further production of high-performance spintronic devices.

It is important to study the growth process to obtain the

necessary film properties since the structure and magnetic

characteristics of Mn5Ge3 films can be significantly in-

fluenced by the type [19] and orientation [18] of single

crystal substrates, the deposition temperature [20], annealing
conditions [21] and the buffer layer thickness [22].
We previously studied the epitaxial films growth of

Mn5Ge3 on Si(111) with different buffer layers thicknesses

and stoichiometry [23–25]. In these investigations it

was found that additional crystallographic orientations of

Mn5Ge3, cubic phases of manganese germanides can be

formed at the interface and silicon substitution can take

place as well. In this paper an attempt to determine the

interface layer composition was made. For this reason the

investigation of initial stages growth of Mn5Ge3 on Si(111)
were carried out.

2. Synthesis technique

Mn5Ge3 film was synthesized by molecular beam epi-

taxy (MBE) with simultaneous deposition of Mn (rate
0.35 nm/min) and Ge (rate 0.32 nm/min) from thermal

effusion sources at a stoichiometric atomic ratio of Mn5Ge3
on Si(111)7 × 7 at 390◦C in ultra-high vacuum MBE

”
Angara“ system optimized for the synthesis of silicides and
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a b
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Figure 1. RHEED patterns from a 0.5 nm thick layer measured in the [11-2]Si(111) electron beam incidence direction: a — experimental

pattern; b — pattern overlapping with the calculated pattern for MnSi in the [112]MnSi zone axis direction.

transition metal germanides [26–28]. The film thickness

was 30 nm. The film formation process was controlled

in situ by the reflection high-energy electron diffraction

method (RHEED). The RHEED data were analyzed by

combining experimental and calculated patterns for a given

material. Theoretical electron diffraction pattern were

calculated according to the kinetic diffraction theory with

programs for cubic crystals [29] and hexagonal crystals.

3. Experimental results and discussion

Figure 1, a shows a RHEED pattern in the process of

Mn and Ge co-deposition; only one grid of reflexes is

clearly observed on it at an effective layer thickness of about

0.5 nm. The observed reflexes are well described by the

cubic structure cP8 (a = 0.45 nm), which corresponds to

manganese monosilicide MnSi (Figure 1, b).
There is no signal from germanium-containing com-

pounds. It can be concluded from the analysis of the

phase diagrams of Mn−Si, Mn−Ge, Si−Ge [30] that MnSi

is formed at the initial stage, but germanium, to a greater

extent, is used for the formation of a solid SiGe solution

(not identified by RHEED). New groups of point reflexes

appear in case of film deposition with a thickness in the

range of 2−7 nm (Figure 2, a).
The dominant point grid of reflexes is matched with

the structure Mn5Ge3 (hP16, a = 0.71 nm, c = 0.50 nm)
(the points in Figure 2, b). Reflexes from MnSi are also

poorly distinguishable (Figure 2, b). The same diffraction

pattern also shows a group of point reflections (arrows in

Figure 2, b) matched by a hexagonal lattice with parameters

a = 0.85 nm and c = 0.50 nm, which do not correspond to

any of the identified compounds among the compositions

Mn−Si, Mn−Ge, Ge−Si. The point reflexes transform into

streaks upon further deposition at a thickness of more than

10 nm (Figure 3), which indicates the transition of the film

growth type from island to layer-island with large atomic

terraces [31].

The analysis of diffraction data for over 10 nm films shows

the formation of only one phase — Mn5Ge3. The calculated

electron diffraction pattern for Mn5Ge3 with a hexagonal

lattice constructed in the zone axis direction in a hexagonal

crystal [10.0]Mn5Ge3 is superimposed on the experimental

RHEED pattern in Figure 3, a — a complete overlap of

reflexes is observed. An additional diffraction pattern was

measured in the [110]Si(111) incident electron beam direction

to more accurately confirm the growth of only the specified

compound, and an electron diffraction pattern was also

calculated for it in the [11.0]Mn5Ge3 zone axis direction.

A complete overlap of patterns is also observed.

After reaching a film thickness of ∼ 30 nm growth was

stopped and ex situ studies of the morphology of the

resulting film were performed by atomic force microscopy

(AFM). AFM makes it possible to measure the relief of

thin films with high accuracy and analyze morphological

parameters. Figure 4 shows scans of the surface topology

obtained in the semi-contact scanning mode of samples of

Mn5Ge3 thin films directly on Si(111) silicon (Figure 4, a)
and grown on Si(111) using a buffer layer (Figure 4, b),
which was additionally formed at the initial stage of growth

to compensate for the mismatch of the film and substrate

lattices. This approach was previously described in detail in

Ref. [26]. It is illustrative to use such a statistical tool as

the two-dimensional autocorrelation function (ACF) for the

comparison of the morphological parameters of the obtained

thin films which shows the characteristic spatial frequencies

of the surfaces. This approach has proven itself well for

estimating the anisotropy of the surface films roughness [32].
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a b

Mn Ge5 3
[10.0]

Figure 2. RHEED patterns from a 7.0 nm thick layer, acquired in the direction of the zone axis [11-2]Si: a — experimental; b —
combined with the calculated pattern for Mn5Ge3 in the [11.0]Mn5Ge3 zone axis direction — points; reflexes from a hexagonal structure of

unknown composition on the same axis (arrows). Green numbers — Miller indices of the crystallographic planes, which correspond to

the presented reflexes on the calculated electronogram.

a b

Mn Ge5 3
[10.0]

Mn Ge5 3
[11.0]

[110]Si

Figure 3. Experimental RHEED patterns from Mn5Ge3 film with a thickness of 30 nm and superimposed calculated electron diffraction

patterns for Mn5Ge3 measured in the direction of the electron beam incidence: a — [11-2]Si(111) ; b — [110]Si(111) .

This function can be calculated as a set of values for discrete

AFM data

G(m, n) =
1

(N − n)(M − m)

N−n∑

l=1

M−m∑

k=1

z k+m,l+nz k,l,

where z — the values of the bump height, N and

M — the number of rows and columns of the data field;

M = τx/1x , N = τy/1y , 1x and 1y — sampling intervals,

with τx = x1 − x2 and τy = y1 − y2 for points (x1, y1),
(x2, y2).
The autocorrelation length Sal is the shortest distance

at which the ACF drops to values below the selected

threshold of 0.02 (the threshold is marked with a mask in

Figure 4, d). The corresponding cross-section charts of the

two-dimensional ACF show profiles for the directions of the

fastest (black cross-section lines) and slowest attenuation

(red), respectively.

Based on the statistical data of the AFM, it can be

concluded that the Stranski-Krastanov (island-plus-layer)
growth mechanism is realized in the case of the growth

of a manganese germanide film on silicon (Figure 4, a).
This can be clearly shown by comparing the ACF length

for both film samples. It can be seen in Figure 4, d (#a)
that the two-dimensional ACF is practically isotropic and
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Figure 4. AFM data for Mn5Ge3 thin films grown a — directly on Si(111) silicon and b — on a preformed buffer layer. Sq — the RMS

value of the irregularities height. c — ACF cross section, d — two-dimensional ACF; black and red lines mark the cross-section directions

for the corresponding samples.
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the autocorrelation length Sal(#a)= 118.0 nm for the film

obtained by maintaining the stoichiometric ratio of atom

flux rates. The length of the slowest attenuation is 144.2 nm

(red line along the direction 71◦), which corresponds to the

typical maximum size of the film elements.

The Frank–Van der Merwe mechanism (layered growth),
typical for epitaxial films is implemented in the case of usage

of a thin buffer layer MnxGey with a gradual transition

to the stoichiometric composition of Mn5Ge3. The two-

dimensional ACF for this case is Sal (#b) = 260.6 nm and

is shown in Figure 4, d (#b). Pronounced anisotropy is

observed, and the directions of the fastest and slowest

attenuation (width and length of the terraces) can be clearly

distinguished, which are 260.6 and 1608 nm (red dotted line

along the direction −47◦). In addition, the ACF allows

calculating the surface texture coefficient (Str), which is

defined as the ratio between the largest and smallest ACF

attenuation distances and is for Str (#a) = 0.8184 and Str

(#b) = 0.1621. It can be assumed that the strong anisotropy

in the case of (#b) is associated with the growth of Mn5Ge3
terraces on silicon atomic steps, whereas the direct growth

of Mn5Ge3 on silicon leads to the formation of crystallites

of a more isotropic form.

4. Conclusion

Mn5Ge3 film was grown on Si(111) by molecular beam

epitaxy with simultaneous deposition of Mn (growth rate

0.35 nm/min) and Ge (growth rate 0.32 nm/min). It was

found using the RHEED data analysis that the formation of

the cubic phase of MnSi silicide prevails at the initial stages

of growth. The formation of the hexagonal phase Mn5Ge3
(hP16, a = 0.71 nm, c = 0.50 nm) begins in the thickness

range of 2−7 nm which remains the only one when the

thickness exceeds 10 nm. The analysis of atomic force

microscopy data using a two-dimensional autocorrelation

function showed that the direct growth of the Mn5Ge3 film

on silicon corresponds to the Stranski-Krastanov mechanism

unlike Mn5Ge3 films grown on a buffer layer [26], where

layered epitaxial growth is realized with the formation of

anisotropic terraces.
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