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Abstract

We explore epitaxial growth of Co2MnSi/Ge/Co2MnSi vertical spin-valve structures on

Si, where the Co2MnSi (CMS) is expected to be a half-metallic material for spintronics.

By combining solid phase epitaxy, low-temperature molecular beam epitaxy, and atomic

layer termination techniques, we can grow an epitaxial Ge layer on CMS at 250 ◦C, where

the atomic interdiffusion between Ge and CMS is suppressed. After further optimiza-

tion of the growth condition of the Ge intermediate layer, all-epitaxial CMS/Ge/CMS

vertically stacked structures with spin-valve like magnetization reversal processes are

demonstrated. This vertically stacked structures can be utilized for vertical spin-valve

devices with a Ge channel on Si.
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1. Introduction

To date, semiconductor-based spintronic theories and technologies have been reported

for spin-based light emitting diodes (LEDs) and field-effect transistors (FETs) [1–13]. In

particular, some technologies for room-temperature electrical spin injection/detection in

semiconductors have been developed in lateral spin-valve (LSV) devices [14–17]. The spin

injection/detection efficiency at room temperature is still lower than 20% although the

use of Co-based Heusler alloys, expected to be half-metallic materials, has been proposed

for the spin injector and detector contacts in the LSV device structures [13, 17].

To improve the performance of spintronics devices with three-dimensional integra-

tion in semiconductors, we have further explored vertically stacked ferromagnet (FM)/

germanium (Ge)/FM structures formed by molecular beam epitaxy (MBE) techniques

[18–24], where Ge has higher electron and hole mobility than Si. Thus, Ge-based tech-

nologies are promising for next-generation CMOS transistors [25] and the high-quality

growth of Ge layers on Si is further opening a way for achieving photonics on Si [26].

Thus far, we have fabricated all epitaxial vertically stacked FM/Ge/FM structures with

top CoFe and bottom Fe3Si electrodes on Si substrate [20] and observed spin-dependent

transport properties at room temperature through a Ge intermediate layer in the vertical

spin-valve (VSV) devices [21]. In addition, we experimentally estimated the very short

room-temperature spin diffusion length (∼8.4 nm) of an undoped p-Ge intermediate layer

on Fe3Si from the thickness dependence of Ge layers on spin signals [23]. Recently, we

enhanced magnetoresistance (MR) effect at room temperature in all-epitaxial VSV de-

vices with a Ge intermediate layer and a bottom Co2FeSi (CFS) [24], in which CFS is one

of the Co-based Heusler alloys with high spin polarization [27]. Unfortunately, we found

that the chemical reaction and interdiffusion between Ge and CFS occurred, giving rise

to the degradation of the spin injection/detection efficiency at room temperature [28].

Here we focus on another Co-based Heusler alloy, Co2MnSi (CMS), instead of CFS.

CMS is well known as a highly spin polarized material [29] and can be utilized for

magnetic tunnel junctions [30–32], CPP-GMR [33], semiconductor-based LSV devices

[34], and oxide-based structures [35, 36]. While, in general, it was very difficult to grow

an epitaxial CMS on group-IV semiconductors [37–39], we grew an epitaxial CMS layer

on Ge (111) without reaction layer owing to Fe atomic layer insertion by low-temperature
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Figure 1: (a) Schematic of the grown CoFe/Ge/Co2MnSi structure on Fe3Si/Si(111). (b) RHEED

images of the surface for a Co2MnSi layer on Fe3Si/Si(111) when the thickness of Co2MnSi is 3, 5, and

10 nm. (c) RHEED images of the surface for CoFe, MBE-Ge, and SPE-Ge layers during the growth when

the thickness of Co2MnSi is 5 nm. (d) AFM images of the surface for the grown CoFe/Ge/Co2MnSi

structure when the thickness of Co2MnSi is 5 and 10 nm.

MBE techniques in our recent work [40]. Moreover, for Ge-based LSV devices with a

CMS/Ge heterostructure, we observed the large MR effect at room temperature [40].

Therefore, the growth of VSV structures with a CMS/Ge structure should be explored

for high-performance semiconductor spintronic devices.

In this study, we experimentally demonstrate the growth of CMS/Ge/CMS vertical

structures on Si for VSV devices. In particular, we explore the epitaxial growth with

combining solid phase epitaxy (SPE), low-temperature MBE and atomic layer termina-

tion techniques. The detailed growth conditions, structural, and magnetic properties

are discussed. This work paves the way for high-performance semiconductor-based VSV

applications on Si.

2. Growth of a vertically stacked CoFe/Ge/Co2MnSi on Si(111)

In this section, we explore the growth of epitaxial Ge layers on CMS. Here we utilized

an established vertical structure consisting of CoFe, Ge, and Heusler alloy, on Si(111),

as illustrated in Fig. 1(a) [20, 21, 24]. In the following, we explain the growth procedure

and configuration of a CoFe/Ge/CMS VSV structure on Si(111). First, a 40 nm-thick

Fe3Si layer was grown as a buffer layer on Si(111) below 80 ◦C by low-temperature MBE

[41, 42] because it is very difficult to grow an epitaxial CMS on group-IV semiconductors
3
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Figure 2: (a) Bright-field-STEM image of CoFe/Ge/Co2MnSi/Fe3Si structure on Si(111) substrate. (b)

EDX mapping images for Ge, Co, and Mn from the same region shown in (a). Scale bar in (a) is 10 nm.

[39]. Next, we grew a CMS layer below 80 ◦C with different thicknesses of 3, 5, and 10

nm on the Fe3Si buffer layer [40]. As shown in in-situ reflection high energy electron

diffraction (RHEED) images of Fig. 1(b), two-dimensional epitaxial growth of the CMS

layers is seen. However, with increasing the thickness of the CMS layer, the RHEED

patterns gradually change from streak to spotty. After confirming the epitaxial growth,

the surface of the CMS layer was continuously terminated with two monolayers (MLs)

of Si for the epitaxial growth of the Ge layer on top of it [18].

On top of the Si-terminated CMS, we also grew a 20 nm-thick Ge layer by SPE and

MBE to obtain the smooth surface [20]: A 1 nm-thick amorphous Ge layer was deposited

at room temperature, and then, the substrate temperature was raised up to 250◦C for

crystallization of Ge. A weak streak pattern of the RHEED image of the surface for the

SPE-Ge layer is still visible in the bottom of Fig. 1(c) (Here, the CMS thickness is 5

nm). Subsequently, we grew a 19 nm-thick Ge layer by MBE at the same temperature as

SPE-crystallization temperature. As seen in the center of Fig. 1(c), the RHEED image

of the surface for the MBE-Ge layer includes spotty patterns. Finally, we grew a 10

nm-thick CoFe layer on the MBE-Ge layer. We can also see the spotty patterns of the

CoFe layer, superimposed on the streak patterns in the top of Fig. 1(c). As a result,

an all-epitaxial CoFe/Ge/Co2MnSi structure on Fe3Si/Si(111) was obtained. After the

growth, we evaluate the flatness for the grown CoFe/Ge/CMS VSV structures by atomic

force microscopy (AFM), as shown in Fig. 1(d). When the thickness of the CMS layer

is 5 nm, we obtain a sufficient flatness for spintronic devices, in which root-mean-square

roughness (Rrms) is ∼1.1 nm. On the other hand, when that is 10 nm, the value of
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Rrms becomes ∼2.3 nm, about twice as large as that for the 5-nm-thick CMS. Since the

3-nm-thick CMS layer may be too thin to observe the highly efficient spin injection in

VSV devices, we conclude that the 5 nm-thick CMS layer is available for the bottom

CMS electrodes in the VSV device on Si.

3. Evaluation of the grown CoFe/Ge/Co2MnSi structure

We carried out further structural investigations by cross-sectional scanning trans-

mission electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDX)

measurements. Figure 2 shows a cross-sectional bright-field-STEM image [(a)] and EDX

elemental mappings [(b)] for the vertically stacked CoFe/Ge/CMS(5 nm)/Fe3Si struc-

ture. From the EDX elemental mappings, it can be seen that the CoFe, Ge, and CMS

layers are clearly separated, and Co and Mn atoms are detected in the range of ∼5 nm

below the Ge intermediate layer. It is indicated that the atomic interdiffusion between

Ge and CMS is nearly suppressed at the interface. This feature is markedly different

from the Ge/CFS interface reported in previous work [28].

Next, we measured the magnetic properties by vibrating sample magnetometer (VSM).

Figure 3 shows a magnetic field (H) dependence of magnetization (M) (M -H curve) at

room temperature for the CoFe/Ge/CMS(5 nm) structure on Fe3Si/Si(111). We ob-

serve a difference in the two magnetization states between the top CoFe and the bottom

CMS/Fe3Si layers. Also, the value of the saturation magnetization for this structure is

nearly consistent with the theoretical value of ∼910 emu/cm3 [20, 29, 43]. This means

that the top and bottom layers are magnetically decoupled via the Ge layer and the

chemical reaction between the Ge and CMS layers are almost suppressed because of

the low-temperature growth of Ge with combining SPE and MBE at 250◦C. Therefore,

we conclude that an all-epitaxial CoFe/Ge/CMS vertical structure with spin-valve-like

magnetization reversal processes is successfully obtained on Si(111).

4. Demonstration of all-epitaxial Co2MnSi/Ge/Co2MnSi structures on Si

We finally try to grow a top CMS layer on the Ge intermediate layer for an all-

epitaxial CMS/Ge/CMS VSV structure. To further improve the quality of the CMS
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Figure 3: Room-temperature M -H curve of an all-epitaxial CoFe/Ge/Co2MnSi/Fe3Si structure. The

insets mean the magnetization states between the top CoFe and bottom Co2MnSi/Fe3Si layers. The

pink region means antiparallel magnetization state.

layer, we utilize a Germanium-on-Silicon (GOS) substrate consisting of a 240-nm-thick

Ge buffer layer and Si(111) utilizing a two-step growth technique by MBE [44], as shown

in Fig. 4(a). Here the lattice mismatch between Fe3Si and Ge is almost zero [45].

Next, a 40 nm-thick Fe3Si layer and a 5-nm-thick CMS layer was grown on the GOS

substrate below 80 ◦C by low-temperature MBE and the surface was terminated with

two monolayers of Si as mentioned before [18]. On top of the Si-terminated CMS, we

explored the growth condition of the Ge intermediate layer by combining SPE and MBE

because a top CMS layer became a polycrystalline film even in the same condition for

the top CoFe layer, described in previous section.

To demonstrate epitaxial growth of the top CMS layer, we also try to improve the

crystallinity of the Ge intermediate layer. As a result, when we changed the thickness

of SPE-grown Ge from 1 nm to 2 nm at 250◦C, the RHEED image of the surface of

the SPE-Ge layer became clear [Fig. 4(b)], leading to the epitaxial Ge layer with high

crystallinity. After the growth of 28 nm-thick Ge by MBE at the same temperature

(250◦C), we can clearly see streak patterns of the surface of the MBE-grown Ge [Fig.
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4(b)], different from the spotty patterns shown in the center of Fig. 1(c). Furthermore,

to induce the crystallization of a top CMS layer, the surface of the MBE-grown Ge

layer is terminated with 5 MLs of Fe [40]. Here the terminated Fe layer also plays an

important role for an enhancement in the spin injection/detection efficiency at the Co-

based Heusler/Ge interfaces at room temperature [46, 47]. On top of the Fe-terminated

Ge layer, a 3-nm-thick CMS layer as a top FM electrode is grown below 80 ◦C [40]. As a

consequence, the RHEED image of the top CMS layer shows a streak pattern, indicating

the two-dimensional epitaxial growth of the CMS layer. Even on the Ge intermediate

layer, we demonstrate the epitaxial CMS layer for the first time, meaning that an all-

epitaxial CMS/Ge/CMS structure is grown on Si. Finally, we grew a 7-nm-thick CoFe

layer to make the difference in the magnetization switching fields between the top and

bottom CMS layers.

Figure 4(c) shows an M -H curve measured by VSM at room temperature for the

all-epitaxial CoFe/CMS/ Ge/CMS/Fe3Si structure on the GOS substrate. Clear spin-

valve like magnetization reversal processes are observed at room temperature, meaning

that the top CoFe/CMS and the bottom CMS/Fe3Si layers are magnetically decoupled

via the Ge intermediate layer. Also, the value of the saturation magnetization is nearly

consistent with the theoretical value (∼ 880 emu/cm3) [20, 29, 43].

Finally, we conduct the detailed structural analyses for the CoFe/CMS/Ge/CMS/Fe3Si

structure in Fig. 5. From the EDX elemental mappings, it can be seen that the CoFe,

top CMS, Ge, and bottom CMS layers are clearly separated, and Co, Mn and Si atoms

are detected in the range of ∼3 nm above the Ge intermediate layer as well as the range

of ∼5 nm below the Ge intermediate layer. The Fe atomic termination layer between

top CMS and Ge layers is distinctively observed. It is indicated that the atomic interdif-

fusion between the top CMS, the Ge intermediate and the bottom CMS layers is nearly

suppressed at the interface by combining SPE, low-temperature MBE, and the Fe atomic

layer termination technique [20, 40, 46]. From these results, we conclude that an all epi-

taxial CMS/Ge/CMS VSV structure is successfully demonstrated on a Si platform. This

structure paves the way for high-performance semiconductor-based VSV applications on

Si.
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5. Conclusion

We explored epitaxial growth of Co2MnSi/Ge/Co2MnSi vertical spin-valve structures

on Si. By combining SPE, low-temperature MBE, and atomic layer termination tech-

niques, we grew an epitaxial Ge layer on CMS at 250 ◦C, where the atomic interdiffusion

between Ge and CMS was suppressed. After further optimization of the growth condition

of the Ge intermediate layer, all-epitaxial CMS/Ge/CMS vertically stacked structures

with spin-valve like magnetization reversal processes were demonstrated. This vertical

structures can be utilized for vertical spin-valve devices with a Ge channel on Si.
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Figure 4: (a) Schematic of the grown CoFe/Co2MnSi/Ge/Co2MnSi structure on Fe3Si/GOS(111). (b)

RHEED images of the surface for top Co2MnSi, MBE-Ge, SPE-Ge and bottom Co2MnSi layers during

the growth. (c) Room-temperature M -H curve of the structure. The insets mean the magnetization

states between the top CoFe/Co2MnSi and bottom Co2MnSi/Fe3Si layers. The pink region means the

antiparallel magnetization state.
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Figure 5: (a) High-angle annular dark-field STEM image of a CoFe/Co2MnSi/Ge/Co2MnSi/Fe3Si struc-

ture on GOS(111). (b) EDX mapping images for Ge, Co, Mn, Fe and Si from the same region shown in

(a). Scale bar in (a) is 5 nm.
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