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Isotopically purified Si/SiGe epitaxial structures for quantum computing
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In this work, isotopically purified 28Si/28Si72Ge heterostructures were fabricated by molecular beam epitaxy.

The obtained residual concentration of the 29Si and 73Ge isotopes with non-zero nuclear spin was of the order

of 1-2 hundred ppm. The maximum electron mobility in the two-dimensional electron gas formed in these

structures reached ∼ 4.5 · 104 cm2/(V · s) at T = 1.6K, which confirms high quality of the fabricated samples.

Low concentration of Si and Ge isotopes with non-zero nuclear spin and high crystalline quality allows using such

structures in fabricating electron spin qubits.
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In view of implementing quantum computations,

various physical systems and approaches to the

quantum bits (qubits) formation are currently considered:

superconducting, based on trapped ions, semiconductor,

photonic, etc. [1–3]. Many of them face the problem

of scalability due to large size of the qubits. Qubits on

semiconductor structures are free of this drawback, since

their size could be smaller than a micrometer [4]. The

early semiconductor qubits were formed on the GaAs/AlAs

heterostructures [5]. However, all qubits based on A3B5

semiconductors have a significant drawback, namely a short

time of spin phase coherence, which is caused by non-zero

nuclear spin of all isotopes of atoms from III and V groups

of the periodic table [6]. This drawback is not inherent

to silicon-based qubits since, among the three Si isotopes,

only 29Si has a non-zero nuclear spin. The technique for Si

isotopic enrichment and fabrication of 28Si single crystals

with a low content of the 29Si isotope was developed in

the framework of the
”
Avogadro“ project aimed at creating

a mass standard based on the 28Si-sphere [7]. Another

significant advantage of silicon qubits is the possibility of

their commercial production based on all the achievements

of modern microelectronics [8]. Among various options

for implementing Si-based qubits, qubits on Si/SiGe

heterostructures may be distinguished, which use the spin

of an electron localized in the so-called
”
electrostatic“

quantum dot (QD) [9,10]. Such a QD is created by a

system of surface gates in a strained Si quantum well (QW)
confined between the unstrained SiGe barriers. One of the

main advantages of the qubit of this type is that its sensitivity

to charge noise is lower than that of qubits based on Si MOS

(metal-oxide-semiconductor) structures; the main source of

the charge noise is charge states in amorphous layers of gate

dielectrics [4]. The use of only isotopically purified Si in

forming the Si/SiGe heterostructures is reasonable because

the electron is localized in the Si QW and is, therefore, most

sensitive to the presence of atoms with non-zero nuclear

spin in this very QW. However, Si/SiGe heterostructures

have a significant disadvantage of low qubit operation tem-

perature as compared to Si MOS structures due to the small

energy separation between the two lowest energy levels

(the so-called valley splitting (VS)) [4]. Recently, various

approaches have been proposed to enhance VS, including

modification of the electron wave function in the Si QW

by introducing Ge and SiGe layers into it [11,12]. Thus, in
forming the Si/SiGe heterostructures for quantum comput-

ing it is important to have a low content of both Si and Ge

isotopes with non-zero nuclear spin. This paper reports on

formation of Si/SiGe heterostructures by molecular beam

epitaxy (MBE) using isotopically purified Si and Ge sources

and on studying their structural and transport properties.

The isotopically purified Si/SiGe structures were grown

on high-vacuum MBE facility Balzers UMS 500P. In

this machine Si and Ge were evaporated from individual

electron-beam evaporators (EBEs). For evaporation, we

used pieces of isotopically purified 28Si and 72Ge single crys-

tals obtained at the G.G. Devyatykh Institute for Chemistry

of High-Purity Substances RAS (Nizhny Novgorod). The

EBE crucible for silicon evaporation was loaded with pieces

of an isotopically purified 28Si single crystal with an about

100ppm content of the 29Si isotope with a non-zero nuclear

spin. After melting, the pieces of isotopically purified

Si were fused into a single volume, and Si evaporation

proceeded in the so-called self-crucible mode (Fig. 1,a).
In this evaporation mode, Si turns to the liquid state

only in the center of the crucible, while crucible walls

remain solid (Fig. 1, a). Although Ge has a lower melting

point (938◦C) than Si (1414◦C), its vapor pressure at this
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Figure 1. a — schematic illustration of isotopically purified 28Si evaporation in the self-crucible mode. b — schematic illustration of

isotopically purified 72Ge evaporation from a silicon crucible obtained by the evaporation of a 28Si portion in the self-crucible mode.

temperature is relatively low [13]. Therefore, to achieve

acceptable growth rates, Ge should be heated significantly

above its melting point. As a result, Ge loaded into EBE

gets melted, and the self-crucible mode does not take

place. Contact of liquid Ge with the water-cooled crucible

walls makes the Ge evaporation unstable. Previously, it

was proposed to solve this problem by using a silicon

crucible [14]. This approach was used in this study. To

obtain Si/SiGe structures with low content of isotopes with

non-zero nuclear spin, a silicon crucible for evaporating

isotopically purified 72Ge was obtained from isotopically

purified 28Si. For this purpose, at the first stage the EBE

crucible for evaporating 72Ge was fully filled with pieces

of the 28Si single crystal. At the second stage, after their

melting, a noticeable (up to ∼ 50%) portion of 28Si has been

evaporated in the self-crucible mode, which led to formation

of a pit. Material remaining after the evaporation of a

portion of 28Si represented the silicon crucible (Fig. 1, b).
This crucible was loaded with pieces of the isotopically

purified 72Ge single crystal which, formed a single volume

of 72Ge after melting (Fig. 1, b). This material was used

further for evaporation of 72Ge during epitaxial growth of

the isotopically purified Si/SiGe structures.

Using the system described above, Si/SiGe structures

were fabricated; their design is presented in Fig. 2, a. The

structures were grown on the so-called Si1−xGex /Si(001)
virtual substrates which represent the graded Si1−xGex

relaxed buffers with the Ge fraction in the upper layer

xGe ∼ 30% (Fig. 2, a). The relaxed buffers were obtained

from natural sources. The structure grown from isotopically

purified sources consisted of an unstrained Si1−xGex layer

with xGe = 30%, and thickness h ∼ 300 nm, Si strained QW

with h ∼ 10 nm, SiGe barrier layer with xGe = 30% and

h ∼ 45 nm, and protective Si layer with h ∼ 2 nm. The

deposition temperature was chosen low enough (∼ 500◦C)
to avoid relaxation of elastic strains in Si QW and also to

obtain sharp Si/SiGe heterointerfaces, which promoted an

increase in VS [15]. The absence of elastic strains relaxation

in the grown structure was confirmed by X-ray diffraction.

Isotopic composition in the grown structure was studied

by using time-of-flight secondary ion mass spectrometer

(SIMS) TOF.SIMS-5. According to the SIMS data (with

accounting for isotope calibration as in [16]), the 29Si

content in the grown structure is about 0.01% (Fig. 2, b)
which corresponds to its concentration of 100 ppm in the

initial isotopically purified 28Si ingot; this is close to the

record-low values given in literature [15]. The 73Ge content

in the structure is about 0.02% (Fig. 2, b). It is believed that

the 73Ge content in the grown structure is higher than that

in the evaporating material (∼ 100 ppm in the initial 72Ge-

ingot) because of contamination of the Ge EBE crucible

with a small amount of naturally purified Ge because the

MBE machine was previously used to grow SiGe structures

from natural sources. Hence, a small amount of natural

material could get into the crucible with isotopically purified

Ge from components of the MBE vacuum chamber (from
the chamber walls, shutter drives, holders, etc.).
To characterize the transport properties of the obtained

Si/SiGe structures, insulated-gate Hall bars were fabricated

on them. As the gate dielectric, there was used an

Al2O3 layer with h ∼ 40 nm grown by the atomic-layer

deposition method. Measurements performed at T = 1.6K

showed that conductivity arose after applying a positive

voltage of several volts to a gate. Variation of the gate

voltage within a range of several volts (above the threshold)
made the sheet electron concentration varying from 1011

to ∼ 1012 cm−2. Since a tensile-strained Si QW is a

deep potential well for electrons, at low temperatures

the structure conductivity is caused by the 2D electron

gas transport in it. Based on measuring the Hall effect

at T = 1.6K in the magnetic field of 0.5 T, it was shown that

the electron mobility in the 2D electron gas in the above-

specified concentration range exceeds 104 cm2/(V · s); the
maximum of ∼ 4.5 · 104 cm2/(V · s) was observed at elec-

tron concentrations of ∼ (8.5−9) · 1011 cm−2. The obtained

mobility values are high enough to allow such structures to

be used for qubit fabrication [15].
Thus, in this work the isotopically purified Si/SiGe

heterostructures with a low (of about several hundred

ppm) concentrations of both Si and Ge isotopes with non-

zero nuclear were fabricated by MBE. High quality of

the obtained structures has been confirmed by measuring

their low temperature transport properties. Low content of
29Si and 73Ge isotopes with non-zero nuclear spin in the
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Figure 2. a — schematic representation of the grown structure. Virtual substrate — substrate used in the study which is based on

relaxed buffer Si1−xGex /Si(001) (x ∼ 30%) obtained from natural sources. b — atomic distributions of different Si and Ge isotopes in

the grown Si/SiGe structure obtained from SIMS. In the figure, digits indicate — the region of the relaxed SiGe buffer obtained from

natural sources (1), unstrained SiGe buffer (2), Si QW (3), and SiGe barrier layer (4). Layers 2−4 were grown using isotopically purified

sources.

obtained structures, as well as their high quality, makes it

possible to apply them for futher fabrication of electron spin

qubits.
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