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Abstract: Single-crystalline Si;_4Gey thin films on Si (100) with low threading dislocation density
(TDD) are highly desired for semiconductor industrials. It is challenging to suppress the TDD
since there is a large mismatch (4.2%) between Ge and Si—it typically needs 10°~107/cm? TDD for
strain relaxation, which could, however, cause device leakage under high voltage. Here, we grew
5i1_xGex (x = 0.5-1) films on Si (001) by low temperature molecular beam epitaxy (LT-MBE) at 200 °C,
which is much lower than the typical temperature of 450-600 °C. Encouragingly, the Si;_,Gey thin
films grown by LT-MBE have shown a dramatically reduced TDD down to the 103~10%/cm? level.
Using transmission electron microscopy (TEM) with atomic resolution, we discovered a non-typical
strain relaxation mechanism for epitaxial films grown by LT-MBE. There are multiple-layered
structures being introduced along out-of-plane-direction during film growth, effectively relaxing the
large strain through local shearing and subsequently leading to an order of magnitude lower TDD.
We presented a model for the non-typical strain relaxation mechanism for Si;_,Gey films grown on Si
(001) by LT-MBE.

Keywords: molecular beam epitaxy; thin film growth; Sij_4Gex films on Si (001); TEM
characterizations; low threading dislocation density; strain relaxation mechanism

1. Introduction

Single-crystalline Sij_,Gey alloy films have been an important material system due to their tunable
bandgaps, strains, and lattices, and they can be tuned to match III-V semiconductors [1,2]. Recently,
they have become a more attractive topic for several reasons, such as to integrate GeSn on Si to produce
direct bandgap Si photonic devices and to produce high-frequency microwave devices on Si [3-7].
Unfortunately, the large lattice mismatches (2.5-4.2%) between Si;_4Gey (x = 0.5-1) and Si (001) tend
to relax through either serious “island growth” [8-10] or high TDD for the Si;_4Gey films grown on
Si (001). It is known that all widely used Si-based devices, e.g., heterojunction bipolar transistor can
suffer from the high TDD, as high-density dislocations penetrate the films and cause current leakage
under high voltage [11-13]. Typically, the TDD in Si;_Gey (x = 0.5-1) films grown on Si (001) can
be controlled to the level of 100-107/cm? [14]. To effectively limit the TDD, as well as the “island
growth” in Si;_,Gey films, many efforts were performed during the past decades [15-17]. For example,
template-assisted selective epitaxy and selective-area epitaxy of nanostructures are good ways to help
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acquire low TDD for technology developing on lasers, transistors, and photovoltaics, etc. [18-23]
Among them, the LT-MBE (a few hundred degrees lower than the typical values [8]) was reported to
be helpful for growing single-crystalline thin films with a high mismatch between substrate and the
film [24,25]. It is believed that a thermal activation barrier is needed for the dislocation and planar
defect nucleation [26,27], so a lower temperature can prevent the formation of dislocations. On the
other hand, it is no good to grow Sil_;Ge films on Si (001) at an ultralow temperature [28-30], as it
can eventually cause amorphous phases [31,32]. Therefore, in this study, we try to find a “proper” low
temperature for the series of Sil_xGey-thin films on Si (001) grown by LT-MBE, including an appropriate
treatment on the substrate, to prepare single-crystalline films with desired low TDD. TEM with atomic
resolution has been used to characterize these films, and the film strain relaxation mechanism has
been proposed.

2. Materials and Methods

Four Sij_Gex (x = 0.5, 0.67, 0.8 and 1) films with equal thickness were grown on Si (001) in
an Octoplus 300 MBE system, and a 6-kV e-beam evaporator for Si and an effusion cell for Ge are
equipped. Thermal desorption procedure was used to remove the oxides on the Si (001) substrate,
then a 30-50 nm Si buffer was grown at 700 °C and Sij_4Geyx (x = 0.5, 0.67, 0.8 and 1) films were
grown at 200 °C. Different Ge contents were controlled by varying the flux ratio of Si and Ge. X-ray
diffraction (XRD) was used to characterize the crystal quality and noncontact mode atomic force
microscope (AFM) was used to characterize the morphology. TDD was determined by measuring the
etch pit density (EPD). The sample was etched for 30 s in Secco etchant [33]. Transmission electron
microscopy (TEM) cross-sectional samples were initially hand-polished down to 10-20 um. Ar+ ion
milling with low energy and angle was the following step in order to obtain a thin region for sufficient
TEM characterizations. FEI Tecnai F20 transmission electron microscope at acceleration voltage of
200 kV was used to obtain cross-sectional high resolution TEM (HRTEM) images.

3. Results and Discussion

We have conducted a series of experiments to find out the “proper” growth temperature for
different Ge contents. Sil.yGey films (20 nm thick) with x equals to 0.67 and 0.74 at growth temperatures
of 100 °C, 200 °C, 300 °C, and 500 °C, respectively, were studied by XRD (see Figure 1). We have found
that the full width at half maximum (FWHM) decreases as temperature decreases and AFM study
(not shown here) also shows that the surface becomes smoother as temperature decreases down to
200 °C. Furthermore, for both Sig33Ge 67, and Sig26Geg 74 films grown at 200 °C, the fringes in the
XRD spectra evidently indicate the well-crystallized interface between 5i;_Gey film and Si buffer layer.
The film quality of the samples grown at 100 °C is comparable to the ones grown at 200 °C. As the
growth temperature goes lower than a certain point, crystallization cannot be guaranteed beyond a
critical thickness. Based on our study and the discussions above, we finally selected 200 °C as the
“proper” low temperature for all the following film growth.

Figure 2a shows typical XRD spectra scanned from Sip5Geps and Ge films grown on Si (001).
Peaks of Sig5Gegs (004), Ge (004), and substrate Si (004) can be recognized. Figure 2b shows the
low-magnification TEM image of Sip 5Gep 5 film grown on Si (001). The selected area electron diffraction
pattern (SAED) of Sip5Geg 5 film grown on Si (001) with zone axis of [110] is also shown and the SAED
indicated the good coherency of the epitaxial growth. Figure 2¢,d are AFM images of 4 um X 4 um area
of Sip 5Geq 5 and Ge films. It can be seen that no island growth occurred, and the film surface roughness
remained in a few nanometers. The chemical etchant for TDD estimation was Secco etchant (1 part
0.15 mol/L KyCrpO3: 2-part 48% HF by volume) and etching time was 30 s. By counting the number of
etch pits, TDD can be obtained as 3.33 x 10%/cm? and 1.67 x 10*/cm?. The optical microscope images of
typical Sij_xGey films after etching are shown in Figure 2e,f, respectively. We chose three areas and
took optical images. Here, the typical error bar is about +10%. The TDD shows an average value of
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103-10*/cm?, which is very low compared to the former reported data which was on the average of
10°-107/cm?.
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Figure 1. XRD spectra of series of Sij_,Gey thin films with x of 0.67 and 0.74, and growing temperatures
of 100 °C, 200 °C, 300 °C, and 500 °C, respectively.
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50 um

Figure 2. (a) XRD spectra of Sig5Geps and Ge films grown on Si (001); (b) The SAED and
low-magnification TEM image of the Sig5Geps film grown on Si (001); (c,d) are AFM images of
Sig5Gep 5 and Ge films, respectively; (e f) shows the typical etch pits distribution of the Si;_Gey thin
films (x from 0.5 to 1), with TDD of 10%-10%/cm? level. The films were etched by Secco etchant. All films
are 200 nm thick and grown at 200 °C.

As the dislocations nucleate at the free surface and glide to the interface, the atomic structure
of dislocation at the heterointerface determines its electronic properties. In diamond structure, edge
dislocations have higher core energy, thus strain relaxation prefers to occur by introducing 60°-mixed
dislocations which lie on {111} gliding planes instead of edge dislocations. The misfit segments run in
the <110> direction and the threading arms run up to the surface [24,34,35]. As Figure 3a shows, some
60° dislocations gliding towards the interface can be seen. For Si;_,Gey films grown on Si (001) by MBE
under typical strain relaxation mechanism, as Ge content increases, lattice mismatch increases and more
misfit dislocations at the interface and threading dislocations in the epilayer form. Figure 3a shows a
HRTEM image of interface with dislocations and Figure 3b highlights the dislocation core. However, in
this study, with the use of LT-MBE to grow Si;_,Gey films on Si (001), instead of seeing a great number
of dislocations in the film due to large mismatch strain, an area containing multiple-layered structures
and few dislocations were observed, as shown in Figure 3c. Figure 3d is the interface of Ge film and Si
buffer layer containing multiple-layered structures and few dislocations. Very small local shearing
(with around only 1° level orientation difference) at the interfaces of the multiple-layered structures can
be clearly seen. However, the SAED shows that the film is still perfectly single-crystalline. Strain can
be relaxed mainly through this kind of local shearing instead of forming a great number of dislocations.
Thus, we found that area without multiple-layered structures relaxed strain through typical strain
relaxation mechanism shows many dislocations, while area with multiple-layered structures shows
few dislocations and it may be under a non-typical strain relaxation mechanism.

To understand the non-typical strain relaxation mechanism for Si;_Gey films grown by LT-MBE,
we studied the intermediate products of a pure Ge film with multiple-layered structures. Figure 4 shows
the HRTEM images of multiple-layered structures imaging along zone axis of [110]. We found that there
were partial “island growth,” which left the hollow structures as shown in Figure 4L1I. Interestingly,
the “partial islands” here are of approximately the same crystal orientation and finally merge into a
single-crystalline structure during film growing (see Figure 4III). Therefore, this growth process by short
“partial islands” and their merging lead to the multiple-layered structure in the film. Although being
well-limited, here the “island growth” still causes small local orientation variations [14-16], leading to
the local shearing at the interfaces of the multiple-layered structures. And the local shearing effectively
relaxes the strain, subsequently suppresses the dislocation density. Based on above discussions, we
know that the non-typical strain relaxation mechanism is actually related to a partial “island growth,”
which is strongly limited here (without any long pillar structures) and coexists with the typical strain
relaxation mechanism.
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Figure 3. (a) Cross-sectional HRTEM image ([110]-zone) on an interface where strain is relaxed by
dislocations; (b) zoom-in view of the red square marked in (a); (c) Cross-sectional HRTEM image
([110]-zone) an interface where strain is relaxed by the multiple-layered structures; (d) zoom-in view
of the red square marked in (c). Yellow dotted lines highlight the interface of film and substrate.
White dotted lines highlight the multiple-layered structures.
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Figure 4. [110]-zone cross-sectional HRTEM images of the pure Ge film intermediate products, which
actually show the process of non-typical strain relaxation for Si;_,Gey films grown by LT-MBE.

Figure 5 shows the schematic 2D model of the Si;_,Gey thin films grown on Si (001) relaxing strain
through typical strain relaxation mechanism in an MBE grown heterostructure (circled in black on the
left) together with the non-typical strain relaxation mechanism in an LT-MBE grown heterostructure
(circled in black on the right). Red lines indicate the dislocations in the Si;_4Gey film. Blue lines indicate
the local shearing at interfaces of multiple-layered structures. And the formation of multiple-layered
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structures refers to the formation of short islands along [-110] direction and then the short islands
will afterwards crystallize into a single-crystalline structure. The light grey cubes near the Sij_,Gex
film surface indicate the short islands. Here, the low TDD of Si;_Gex film may be attributed to
such multiple-layered structures which can relax strain through local shearing [36—41]. As known,
a typical growth temperature (e.g., 600 °C) for MBE growth, in general, means a sufficient surface
diffusion for the adatoms and at the same time provides an annealing effect to remove the local
shearing (i.e., inhomogeneous local strains). Practically, a high-temperature growth can always lead
to a much more homogeneous thin film growth. Unfortunately, in this study, considering the large
lattice mismatch (~4%) and thermal mismatch between Si and Ge, high-density dislocations becomes
unavoidable in a “homogeneous” film, because other possible mechanisms for strain relaxation have
been subsequently suppressed at higher temperatures. Another important factor in epitaxial growth is
the surface preparation of the substrate. We found that as long as the surface is treated to be atomically
smooth, there is still sufficient surface diffusion at lower temperatures even though the surface energy
is reduced. Therefore, 200 °C seems to be a much lower temperature than a typical growth temperature
in MBE, it can still provide enough surface energy for surface diffusion. Interestingly, we have found
that the “relatively inhomogeneous” film grown at such a low temperature becomes a promising
candidate, which can reach a point, where both poor crystallization and high-density dislocations are
limited at the same time. We believe that the “non-typical strain relaxation mechanism” is as well
useful for other thin film systems with a large mismatch between film and substrate.

Typical strain relaxation Non-typical
by dislocations strain relaxation
“a

Si

\, : Dislocation
N Interface of multiple-layered structures

: Incomplete growth area

Figure 5. A schematic 2D model of the Sij_Gey film relaxing strain by typical strain relaxation
mechanism (circled on the left) together with the non-typical strain relaxation mechanism (circled on
the right).

4. Conclusions

A series of Sij_yGex thin films were grown on Si (001) by LT-MBE, displaying both smooth surface
and good crystalline quality. TDDs of the Si;_,Gey films were measured to be as low as 10°-10%/cm?,
which is attributed to a non-typical strain relaxation mainly through local shearing instead of forming
dislocations. Multiple-layered structures have been found in the out-of-plane direction of the Si;_,Gex
films as a result of the local shearing. During LT-MBE, the non-typical strain relaxation mechanism has
been discussed.
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