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Abstract. The conductance dependences of the edge channels of silicon nanosandwich 

structures (SNS) on the vertical gate voltage Vg are studied. The experiments are carried out in 

such a range of Vg, in which the two-dimensional density of holes p2D is stable that made it 

possible to avoid the changes of the Fermi level position and thereby to unambiguously 

identify the Aharonov–Casher oscillations. The effect of a spin field-effect transistor at a high 

temperature (T = 77 K) is demonstrated, which manifests itself in the form of Aharonov–

Casher oscillations of longitudinal conductance depending on Vg, which controls the 

Bychkov–Rashba spin-orbit interaction. This experiment became possible due to the high 

degree of spin polarization of holes and the long spin-lattice relaxation time because of the 

extremely small width of the silicon quantum well and the narrowness of its edge channels, 

which is ensured by the properties of the negative-U-barriers limiting them effectively 

decreasing the electron-electron interaction. 
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Introduction 

In the last decades of the 20th century, progress in the field of semiconductor 

nanotechnologies led to the creation of structures with quasi-one-dimensional (1D) 

conducting channels with the length less than the inelastic scattering length [1,2], due to 

which the ballistic transfer of single carriers occurs in them and macroscopic quantum 

phenomena are observed. 

Therefore, such channels provide conditions for spin interference of single carriers due 

to spontaneous spin polarization of a quasi 1D carrier gas in a zero magnetic field [3,4] and 

Bychkov–Rashba strong spin-orbit interaction (SOI) [5]. 

Obviously, such semiconductor nanostructures are promising for solving various 

problems of high-temperature nano- and optoelectronics, especially for the experimental 

implementation of electron-wave analogues of electro-optical modulators. The most striking 

proposal consists in creating a spin field-effect transistor (SFET) [6–10]. 

The current modulation in the SFET structure occurs due to quantum interference 

effects, namely, due to the spin precession caused by Bychkov–Rashba SOI in an ultra-

narrow quantum well, which is the main element of the field-effect transistor. At the same 
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time, magnetic contacts, which play the role of source and drain, are preferentially used for 

injection and detection of certain spin orientations (Fig. 1) [6]. In the SFET structure, the 

source and drain, which are also a polarizer and analyzer, can be made of a ferromagnet, such 

as iron. At the Fermi level in such materials, the density of states of an electron with one spin 

orientation greatly exceeds the density of states with another spin orientation, so that the 

contact preferentially injects and detects electrons with a certain spin direction. The spin 

polarization of the current, reaching ~50 % in this case, was experimentally demonstrated 

using contacts made of permalloy (a magnetically soft alloy of Ni with Fe) [11,12]. A contact 

magnetized in the х direction preferentially emits and detects spin-polarized electrons along 

the positive х-axis, which is represented as a linear combination of positive z-polarized and 

negative z-polarized electrons. 

 
Fig. 1. Diagram of a spin field-effect transistor 

 

By analogy with an electro-optical material, the differential phase shift introduced 

between +z polarized and –z polarized electrons can be controlled by the vertical gate voltage 

of the FET, which controls the SOI value in the quantum well [6]. It is assumed that the 

dominant mechanism of spin energy splitting between electrons with spins up and down in a 

zero magnetic field, as indicated above, is the Bychkov–Rashba term [13], taken into account 

in the effective-mass Hamiltonian [6]: 

( )R z x x zH k k  = − ,                (1) 

where  is the Rashba SOI parameter, which depending on the type of  

quantum well conductance is determined by the characteristics of the conduction band or  

valence band [13–15]. This term is a consequence of the presence of an electric field 

perpendicular to the plane of the quantum well or the interface of a single heterojunction. 

Other mechanisms of spin splitting in a zero magnetic field, for example, due to the influence 

of the inversion center, can also contribute [16]. However, if the quantum well is formed 

inside the p-n junction, their contribution to the SOI value is much less than the Bychkov–

Rashba term. It is easy to see that the Bychkov–Rashba term leads to the fact that +z and –z 

polarized electrons have the same energy and different wave vectors k1 and k2. Moreover, if 

we consider an electron moving in the x direction with kz=0 and kx≠0, the Bychkov–Rashba 

term HR is equal to σzkx, which increases the energy of +z polarized electrons by kx and, 

respectively, reduces the energy of –z polarized electrons by the same value. A similar change 

in energy can be achieved if the electron were in a magnetic field Bz proportional  

to kx (kx -> μBBz, where μB is the Bohr magneton). 
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This energy difference for +z polarized and –z polarized electrons can lead, under the 

condition of their transport along the x direction, to a differential phase shift, ∆θ, proportional 

to the Bychkov–Rashba SOI parameter, the value of which can be varied using the vertical 

gate voltage 

E(+z pol.) = ћ2 k2
x1/2m* - kx1,              (2) 

E(-z pol.) = ћ2 k2
x2/2m* + kx2.              (3) 

∆θ =(kx1 - kx2)L = 2m*L/ћ2.               (4) 

Thus, within the framework of the described field-effect transistor structure, current 

modulation can occur due to spin precession under SOI conditions, thereby identifying the 

effect of SFET depending on the vertical gate voltage. 

 

 
Fig. 2. Experimental SNS made in Hall geometry to demonstrate the SFET effect (a). 

Topological edge channel of the SNS (b), in which single charge carriers occupy its separate 

areas, pixels (c). Polarized carriers are transported along opposite pixel walls of the edge 

channel (d) 

 

The discovery of spin interference in 1D channels contributed to the development of 

spintronic devices based on the phenomena of spin interference, which are able to 

demonstrate  SFET characteristics even without ferromagnetic electrodes and external 

magnetic fields in the presence of spin polarization in low-dimensional systems [13,17]. 

Moreover, it is advisable to create spintronic devices based on topological insulators and 

superconductors with a control vertical gate, which, in addition to the geometric Berry phase, 

provides a phase shift between the transmission amplitudes for carriers moving clockwise and 

counterclockwise [13] (see Fig. 2 ). This phase shift leads to the observation of Aharonov–
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Casher (AC) conductance oscillations, measured by varying the voltage on the vertical gate 

that controls the transport of single carriers in quasi-one-dimensional channels, even in the 

absence of an external magnetic field and magnetic electrodes responsible for obtaining and 

recording the spin polarization of carriers. However, changes in the carrier density that 

accompany the application of a voltage on a vertical gate can also cause conductance 

oscillations resulting from changes in the value of the Fermi wave vector, although they are 

similar in appearance to oscillations in the AC conductance [18,19]. 

Nevertheless, the unambiguous identification of AC conductance oscillations when 

controlling the transport of single carriers using a change in the vertical gate, and, 

consequently, the demonstration of the SFET effect, turned out to be possible when using a 

silicon nanosandwich structure (SNS) for this purpose. 

 

Methods 

In this work, to determine the contribution of the AС effect to the conductance oscillations 

and to demonstrate the SFET effect, we use an SNS with a diffusion profile depth of 8 nm 

(according to SIMS data), containing a single quantum well about 2 nm wide. The well is 

bounded by two -barriers consisting of B+-B- dipoles with negative correlation energy 

(negative-U), formed due to the interconnectedness of the electron-vibrational and electron-

electron interactions [20]. A similar effect occurs at an ultrahigh concentration of boron 

dopant in -barriers (about 5 1021 cm-3) [20]. The SNS was made in the Hall geometry and 

equipped with an additional control electrode, which is used as a vertical gate, to which 

voltage Vg is applied (Fig. 2(a)). The vertical gate electrode was formed on the surface of a 

thin (about 20 nm) gate insulator SiO2 layer preliminarily deposited on the SNS by the 

plasma-chemical method. 

Previous studies of the de Haas–van Alphen (DHVA), Shubnikov–de Haas (SdH) and 

quantum Hall effects (QHE) [21] showed that in this experimental SNS, the two-dimensional 

concentration p2D of single charge carriers in a quantum well bounded by a negative-U  

-barriers is 3‧1013 m-2. Their behavior is characterized by a long relaxation time and a low 

value of the effective mass (m* < 10-3m0) [22]. 

In addition, it was experimentally demonstrated that the transport of single charge 

carriers in SNS occurs in topological edge channels (ECs) (Fig. 2(b)), formed in the SNS 

quantum well by chains of negative-U boron dipole centers [21]. It was shown that it is 

precisely due to such chains of negative-U dipoles, which form and limit ECs, that conditions 

are created for the effective suppression of the electron-electron interaction (EEI) in ECs, 

which, in turn, made it possible to observe the above macroscopic quantum effects in SNS at 

high temperatures up to the room one [21].  

The cross-sectional area of the ECs of the SNS under study is 2×2 nm, since 2 nm is the 

characteristic distance between the negative-U -barriers that form them. Previous 

experiments showed that the EC of the studied SNS consists of regions of single carrier 

interference, the length of which is approximately 16 μm, taking into account the value of  

the 2D density of single carriers determined from Hall measurements [21]. That is, each 

region of the EC, in which a single carrier (“pixel”) is located, consists of layers containing 

negative-U boron dipoles with an area of Spixel = 16 × 2 nm2, along which the carrier tunneling 

occurs (Fig. 2(c)). In this case, the resistance of a single carrier in a pixel is quantized and 

amounts to n(h/e2) [21,23]. 

The spin polarization of single carriers in ECs of such SNSs was observed 

experimentally, and it was shown that ECs are paired, and the carriers in them  

have opposite spin orientations [4,21]. Obviously, in such ECs, single carriers have the ability  

to interfere both in the entire EC (or part of it) and inside a single pixel, since carriers  
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with different spins move towards each other on opposite sides of the pixel under the action of 

the field (Fig. 2(d)) [4]. 

To demonstrate the SFET effect, such an SNS has a number of advantages. First, due to 

the built-in p-n junction in the QW, the electric field sharply increases, which contributes to 

an increase in the Bychkov–Rashba SOI. Second, as noted above, the EEI inside the EC is 

leveled due to the interaction of single carriers with negative-U dipole boron centers, which 

makes it possible to study the macroscopic phenomena of quantum interference at high 

temperatures [22]. In addition, it should be noted that, in the SNSs under study, the carriers in 

ECs are holes, which exhibit a stronger SOI compared to electrons [16]. 

In order to demonstrate the SFET effect, it is necessary to study the conductance of the 

SNS EC experimentally by varying the vertical gate voltage Vg, since in this case it becomes 

possible to control the Bychkov–Rashba SOI and, thus, the spin polarization of holes in the 

EC. However, when performing experiments, it should be taken into account that varying the 

value of Vg leads to a change in the concentration and mobility of 2D holes in the QW. This, 

at first glance, may interfere with the unambiguous identification of the AC conductance 

oscillations caused by the Bychkov–Rashba SOI, since other effects, such as the influence of 

the position of the Fermi level, also cause conductance oscillations due to changes in the 

density and mobility of 2D holes. 

The concentration of 2D holes and their mobility in a silicon QW were determined from 

Hall measurements (Fig. 3) [22]. The initial value of the density of 2D holes p2D = 4∙1013 m-2 

(Vg = 0) was controlled by an order of magnitude, between 5∙1012 m-2 and 9∙1013 m-2,  

by shifting on the vertical gate through the insulator layer, which performs the function p+-n 

junction offsets. It was shown that in the vertical gate voltage range between 150 and 

400 mV, p2D is practically independent of Vg. Therefore, this Vg range can be used to identify 

AC oscillations caused by the Bychkov–Rashba SOI. 

 
Fig. 3. Density (a) and mobility (b) of a 2D hole gas as a function of vertical gate voltage 

obtained from measurements of the longitudinal and Hall stresses in the SNS on an n-type 

Si(100) surface. T=77 K 
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The experimental conductance dependences on Vg displacement on the vertical gate of 

the SNS structure made in the Hall geometry (Fig. 2(a)) were obtained at a liquid nitrogen 

temperature of 77 K. In the experiment, the dependence Uxx = f (Vg) was recorded, after which 

the dependence was calculated G = f(Vg). The measurements were carried out on an 

experimental bench using Keithley 2182A nanovoltmeters, a Keithley 2010 multimeter, a 

Keithley 6517A electrometer, and a Keithley 6221 current source. The vertical gate was 

biased from an independent power source galvanically isolated from the measuring circuit. 

As seen in Fig. 2(a), the Hall geometry of the SNS determines its symmetry. For this 

reason, this article presents the experimental results of measuring Uxx for only one pair of the 

contacts, since Uxx measurements on the opposite pair of contacts give equivalent results due 

to the symmetry of the SNS geometry. 

 

Results 

To determine the contribution of the Bychkov–Rashba SOI to the conductance (transmission) 

of the SNS EC structure, the dependence Uxx = f (Vg) was studied under conditions of varying 

Vg followed by the calculation of the dependence G = f(Vg). Its analysis made it possible to 

reveal the spin splitting of holes 44 meV in 1D gas (Fig. 4). 

 

 
Fig. 4. Conductance change G as a function of the vertical gate voltage applied to the SNS 

edge channel. T=77 K 

 

The value of the spin splitting 44 meV corresponds to the value of the spin-orbit 

interaction in the valence band. These data seem to indicate spontaneous spin polarization of 

heavy holes in the 1D channel due to effective quenching of the kinetic energy by the 

exchange energy of carriers [4]. 

Experimental studies of the dependences G = f(Vg) were carried out in the range 

Vg = 150–400 mV, which makes it possible to unambiguously identify AC oscillations (Fig. 5) 

caused by the Bychkov–Rashba SOI. 

Changes in the phase of the AC oscillations shown in Fig. 5 are apparently caused by 

the elastic scattering of heavy holes on the quantum point contact inside the EC of SNS. The 

phase shifts calculated within this model depend on the parameter α determined by the 

effective magnetic field created by the Bychkov–Rashba SOI [5,6,13–15,18,19,24,25]: 

 z

BB

eff
g

ekB =



,                    (5) 
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which affects the conductance modulation [14,15], which is consistent with the oscillations of 

the AC conductance (Fig. 5). Note that the Bychkov–Rashba SOI in 2D systems cubically 

depends on the wave vector. However, in a 1D system, it is necessary to average the wave 

vector components perpendicular to the 1D channel axis. Therefore, the resulting Bychkov–

Rashba SOI for 1D hole systems depends linearly on the wave number, as does the 

Dresselhaus SOI in 1D electron systems [16].  

 

 
Fig. 5. The Aharonov–Casher conductance oscillations in the edge channel of the SNS. 

Т=77 К 

 

The oscillation period of the AC conductance (Vg), which is determined by the 

quantum transport of holes through the quantum point contact, can be estimated from the 

following relations [14,15]: 
2 2

23
g

eff hh

d l
V

Rm 
 

h
,                (6) 

where l is the characteristic length, which provides proportionality between the vertical gate 

voltage Vg and the electric field, Vg = Ez l, and is determined by the thickness of the n-type  

Si(100) plate, l = 300 nm; d is the diameter of the edge channel, 2 nm; R is the effective 

average pixel radius, the value of which can be controlled by changing the 2D concentration 

p2D by varying the value of Vg. As mentioned above, to identify the Bychkov–Rashba SOI in 

these experiments, it is necessary to use a range of Vg values in which the p2D value remains 

practically unchanged. In this case, the value R 2500 nm. The value of hh is determined by 

the Bychkov–Rashba parameter : 
23hh hh r zk E = − ,                (7) 
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where the value 2

rk  is approximately estimated as 2 2 2/rk d ; d is the diameter of the 

edge channel 
2

64
0.7

9
a


=  [11]; 2 30.18, 0.1 = − = −  are Luttinger parameters for 
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silicon [26]; 
,

1,2

lh hh  are the energies of the light and heavy holes in the QW, where the subscript 

indicates the number of subbands, and the superscript corresponds to a light or heavy hole. 

Previously, in [27], the results of optical studies were presented, which made it possible to 

determine the energies of both light and heavy holes in the silicon QW of the SNS used in 

these experiments: 1 90hh meV = ; 1 114 ;lh meV =  2 307hh meV = ; 
2 476lh meV = . 

A detailed analysis of the AC conductance oscillations, taking into account the 

dependence of the 2D hole density p2D on the vertical gate voltage Vg [22], made it possible to 

determine the values of the effective mass of heavy holes m* depending on the value of p2D at 

the level of m* = 10-4 – 10-3 m0. Note that such a low value of m*, which is largely a 

consequence of negative-U -barriers limiting the SNS EC, is an important circumstance for 

the detection of spin-dependent transport at high temperatures (77 K). This makes the 

properties of SNS similar to those of graphene [28]. 

Thus, due to the spin polarization of carriers in the edge channels of the SNS, caused by 

the Bychkov–Rashba SOI, it becomes possible to create a SFET without special 

ferromagnetic electrodes or any external magnetic fields, while the channel conductance 

between the source-drain contacts is controlled only by voltage changes at the vertical gate Vg 

(Fig. 6). 

 

Oscillations of the AC conductance in the dependence of G = f(Vg), which determine the 

SFET effect, are described using the relations obtained under the condition of effective 

backscattering at the quantum point contact [25,29]: 

,                 (9) 

where 

.                       (10) 

The value of parameter a is determined by the Hall geometry of the contacts and the 

dimensions of the device structure. In the case of SNS a=(axxaxy)
1/2; where axx and axy are the 

distance between contacts XX and XY, axx =2 mm, axy=0.2 mm. These dependences describe 

conductance oscillations with greater accuracy when varying the value of Vg (also in the case 

( )2
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Fig. 6. Diagrams of AC conductance oscillations in a zero magnetic field as a function of the 

vertical gate voltage Vg, which controls the SOI value, and the source-drain voltage Vds 

applied to the SNS-based SFET. T=77 K 
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of a nonzero external magnetic field (Ф=BS)) than a more simplified relation that does not 

take into account its influence [24]: 
2

2
1 cos 2

e m
G a

h




  
= +   

  h
.             (11) 

The behavior of the AC oscillations shows that the obtained structure is indeed the 

SFET structure. It should be noted that the magnitude of the amplitude of conductance 

oscillations at low values of the source-drain voltage (Vds) is significantly less than the 

magnitude of the conductance quantum e2/h, which may be a consequence of weak 

localization at a low kinetic energy of low density carriers in the EC (Fig. 5). With an increase 

in the kinetic energy of carriers in the optimal voltage range Vds, the magnitude of the 

conductance oscillation amplitude corresponds to the conductance value e2/h (Fig. 6(a)). With 

a further increase in Vds, quenching of conductance oscillations is observed (Fig. 6(b)) as a 

result of heating of two-dimensional holes and, consequently, a decrease in their spin-lattice 

relaxation time. 

The presented dependences of the conductance (transmission) of the edge channels of 

the silicon SNS QW G=f(Vds,Vg), demonstrating the SFET effect, in fact, are a variant of the 

AC effect [13,29]. 

Note that the observation of AC oscillations in hole conduction, illustrating the SFET 

effect at a high temperature (T = 77 K), became possible due to the high degree of spin 

polarization of holes and the large time of their spin relaxation. This, in turn, is due to the 

extremely small width of the silicon QW [30], the narrowness of its ECs, and effective 

suppression of EEI in them, which is ensured by the properties of the negative-U -barriers 

limiting them. 

 

Conclusions 

The paper presents experimental research into dependences of the conductance of the SNS 

edge channels on the vertical gate voltage Vg. The studies were carried out in such a range of 

Vg, in which the two-dimensional concentration of holes p2D in the QW is practically 

independent of the Vg value, which makes it possible to avoid the influence of a change in the 

position of the Fermi level. Therefore, it was possible to avoid the influence of the p2D change 

effect in the experiments and ensure unambiguous identification of the AC oscillations. 

The effect of a spin transistor at a high temperature (T=77 K) was registered, which 

manifests itself in the form of the AC oscillations of longitudinal conductance depending on 

the voltage of the vertical gate, which controls the magnitude of the Bychkov–Rashba SOI. 

The observation of AC oscillations in hole conduction, illustrating the effect of a spin 

transistor at a high temperature (T = 77 K), became possible due to the high degree of spin 

polarization of holes and the large time of their spin relaxation. This is due to the extremely 

small width of the silicon QW and its edge channels ensured by the properties of the limiting 

negative-U-barriers, which effectively suppress EEI. 
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