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Abstract. The article is devoted to the study of the length of the 2x N superstructure during
epitaxial growth of Ge on Si(001) at different synthesis temperatures in the range from 200 °C
to 750 °C. The analysis took place during the growth process by reflection high-energy electron
diffraction in the direction of [110]. The work makes it possible to evaluate the effectiveness
of elastic stress relief due to 2xN at the initial stages of growth over a wide temperature range.
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OnpepeneHue AJIMHbI CBepXCTPYKTYpbl 2xN npu cuHTe3e Ge Ha
Si(001) npm pa3Hbix Temnepartypax

0O.U. KykeHoB®, B.B. [Inpko, K.A. Jlozoson, K.A. Manep, A.l1. KoxaHeHKO
HauunoHanbHbIN nccnefoBaTenbckuii TOMCKUI FOCyAapCTBEHHbINA YHUBEPCUTET, . TOMCK, Poccus
© okukenov@mail.ru
AnHotanua. CraThsd TIOCBSIIEHA WCCIEAOBAHUIO [UIMHBI CBEPXCTPYKTYpPHl 2xN mpu
snutakcuanbHoM pocte Ge Ha Si(001) mpu pa3HbIX TeMmIlepaTypax CUHTe3a B AWMamna3zoHe OT
200 °C mo 750 °C. AHanm3 TpOUCXOAUT B TPOIIECCE POCTa METOAOM AU(PPaKIINU OBICTPHIX
9JIeKTpoHOB B HampapineHuu [110]. PabGoTa mo3Bossier math OLEHKY 3 (OEKTUBHOCTU CHSITHUS

VOPYTMX HaMNpsDKeHUI 3a cueT oO0pa30oBaHUSI CBEPXCTPYKTYPHI 2xN Ha HadyaJdbHBIX CTamZusIX
pocTa B IIIMPOKOM TeMIIepaTypHOM IMaIa3oHe.

KiioueBbie cioBa: MOJIEKYJISIPHO-TIYYKOBast AMUTAKCUST, TU(PAKIINS OBICTPBIX BJIEKTPOHOB,
penakcauusi ypyrux HanpspKeHU, CBEPXCTPYKTypa 2x N, reTeposnuTakcust
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Introduction

In the world of constantly evolving technologies, increasingly stringent requirements are put
forward for electronic components. Despite their miniature size, they must be efficient enough to
perform the necessary tasks. The transition to nanoscale structures has opened up the possibility
of creating small and, due to the effect of dimensional quantization, efficient components for
microelectronics, optoelectronics and many other areas [1, 2]. The main requirements for such
structures are their purity, precise size compliance and sharpness of heteroboundaries. The molec-
ular beam epitaxy (MBE) method is well suited for such parameters, allowing the creation of
structures of a given thickness with sharp heteroboundaries and a minimum number of defects [3].
The silicon—germanium material system is considered well studied and quite successful. Silicon,
due to its availability, has an extensive technological base. Germanium, due to its compatibility
with silicon and better electronic properties, is able to significantly improve the characteristics of
electronic components created on the basis of Ge—Si [4]. Despite the active development and
study of Ge growth processes on Si, there are significant gaps in knowledge that are becoming
increasingly noticeable given modern requirements for the quality of nanostructures. One of them
is the relaxation of elastic stresses of the germanium layer on silicon. Relaxation of elastic stresses
due to a change in the surface morphology occurs during the epitaxial growth of Ge on Si due to
a 4.2% lattice mismatch. The relaxation mechanism at the initial stages of growth is the forma-
tion of 2xN and MxN superstructures, and after the formation of the wetting layer is complete,
the transition from two-dimensional to three-dimensional growth occurs [5]. This process can
be tracked during growth without stopping it using the reflection high-energy electron diffraction
(RHEED) method [6]. Epitaxial processes that depend on the growth parameters determine the
geometric and electrophysical properties of nanostructures. Therefore, increasing the control of
epitaxial synthesis processes will lead to the creation of nanostructures of the required sizes and
properties. Based on this, the aim of the work is to determine the length of the 2 x NV superstructure
at different temperatures during epitaxial growth of Ge on Si(001) using RHEED patterns.

Materials and methods

The experiments were carried out at the “Katun—100” MBE installation. Commercially avail-
able Si(001) substrates with a misorientation angle of 0.1° were used. Ge synthesis occurred after
pre-epitaxial cleaning of the substrate and application of a 75 nm buffer layer. The germanium
deposition rate was the same for all experiments and amounted to 0.02 ML/s.

During the experiment, the surface morphology was determined by the reflection high-energy
electron diffraction method. The initial stage of Ge formation on Si(001) is the emergence of the
2x N superstructure. On the surface, long dimer rows of Si are replaced by short rows of Ge. This
mechanism of elastic stress relaxation at the initial stage of growth is the most advantageous for
this material system [7]. The length of the superstructure can be determined by the (1/N) reflec-
tions that appear in the diffraction patterns (Fig. 1) [8].

Fig. 1, a shows the diffraction pattern from the Si(001) surface, and Fig. 1, b shows the diffrac-
tion pattern from the Ge/Si(001) surface. As can be seen, Fig. 1, b has additional 1/N reflections.
The superstructure length was determined as follows. The distance between the (00) and (01)
reflections was divided by the distance (1/N) and (01). Thus, taking into account the inversion
of scales in reciprocal space, it was determined how many times the new superstructure is larger
than the crystal lattice parameter.

© Kykenos O.U., Jupko B.B., JlozoBoit K.A., Maitep K.A., Koxanenko A.Tl., 2025. Uznarens: Cankr-IletepOyprckuit
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a) b)

Fig. 1. RHEED patterns from pure Si(001) (a) and from Ge/Si(001) (b)

Elastic stresses caused by lattice mismatch, at a certain thickness of the two-dimensional
germanium layer, can no longer be relieved by the formation of superstructures. At this stage, a
stronger relaxation mechanism is activated — three-dimensional growth [9]. The start time of 3D
growth is determined by the change in the intensity of the reflex (01) of the RHEED pattern [10].
Fig. 2 shows, as an example, the dependence of intensity (/) on amount of material (n) during the
deposition of Ge on Si (001) at a temperature of 400 °C. Fig. 2 also shows RHEED patterns char-
acteristic of a two-dimensional layer (on the left) and a three-dimensional structure (on the right).
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Fig. 2. Dependence of intensity of reflex (01) of RHEED pattern

Knowing the growth rate and the time of transition from two-dimensional to three-dimen-
sional growth, it is possible to determine the thickness of the wetting layer, i.e. the critical thick-
ness, above which germanium grows on silicon with the formation of three-dimensional islands.

Results and discussion

Based on the results of the analysis of experiments on the deposition of Ge on Si(001), carried
out at different substrate temperatures in the range from 200 °C to 750 °C, the dependence of the
superstructure length (V) on the synthesis temperature (Fig. 3, a) and the dependence of the critical
thickness (n_,, ) of the wetting layer on the growth temperature (Fig. 3, b) were constructed.

The dependence of the length N on temperature in Fig. 3, a can be divided into three tempera-
ture ranges. In the first range of 200—350 °C, a decrease in the number N is observed. This can
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Fig. 3. Dependence of 2x/N superstructure length (a) and critical thickness
of the wetting layer (b) on growth temperature

be explained by the destruction of dimer chains due to the intensification of thermal vibrations
of atoms. A decrease in the number A, in turn, indicates that with an increase in temperature, a
more complete relaxation of elastic stresses in the system occurs due to the appearance of a larger
number of dimer vacancies. In the second range of 350—500 °C, the length of the superstructure
2xN remains constant. This can occur because the highest degree of relaxation accessible to this
mechanism (the formation of dimer vacancies) has been achieved, or such a number of vacancies
(N = 8) completely removes all stresses at these temperatures. In the third range of 500—750 °C,
the length of the dimer rows begins to grow. This character of the dependence is explained by a set
of processes. A more effective mechanism for the relaxation of elastic stresses is now the forma-
tion of MxN superstructures [11, 12] and the transition to 3D growth, as evidenced by a decrease
in the critical thickness of the wetting layer (Fig. 3, ). An increase in temperature increases the
rate of diffusion into the bulk of the substrate, thereby reducing the Ge concentration on the sur-
face, which reduces the stresses in the system and leads to an increase in the length of the dimer
rows [13, 14].

Conclusion

In this work, the reflection high-energy electron diffraction method was used to obtain a
detailed dependence of the average size of the 2xN superstructure on temperature in the range
of 200—750 °C, which allows us to judge the mechanisms of elastic stress relaxation at the initial
stages of Ge synthesis on Si(001). At growth temperatures from 200 °C to 350 °C, the efficiency of
stress relaxation in the system is determined by the diffusion length of adatoms. At temperatures
of 350—500 °C, maximum stress relaxation occurs, which is achieved by the formation of a 2x8
superstructure. In the temperature range from 500 °C to 750 °C, the length of the dimer series
begins to be affected by factors associated with the emergence of MxN superstructures, acceler-
ated transition to 3D growth, and diffusion of Ge atoms into the Si(001) substrate.
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