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The sulfur passivation of the semi-insulating GaAs bulk (SI GaAs) grown in an excess phase of arsenic is used

to observe the transition from the Coulomb blockade to the weak localization regime at room temperature. The

I−V characteristics of the SI GaAs device reveal nonlinear behavior that appears to be evidence of the Coulomb

blockade process as well as the Coulomb oscillations. The sulfur passivation of the SI GaAs device surface results

in enormous transformation of the I−V characteristics that demonstrate the strong increase of the resistance and

Coulomb blockade regime is replaced by the electron tunneling processes. The results obtained are analyzed within

frameworks of disordering SI GaAs surface that is caused by inhomogeneous distribution of the donor and acceptor

anti-site defects which affects the conditions of quantum-mechanical tunneling. Weak localization processes caused

by the preservation of the Fermi level pinning are demonstrated by measuring the negative magnetoresistance in

weak magnetic fields at room temperature. Finally, the studies of the magnetoresistance at higher magnetic fields

reveal the h/2e Aharonov−Altshuler−Spivak oscillations with the complicated behavior due to possible statistical

mismatch of the interference paths in the presence of different microdefects.

1. Introduction

Quantum dots (QDs), zero-dimensional systems, are

obtained by fully confining the motion of charge carriers

in quantum wires (QWrs), quantum wells (QWs), or in

bulk crystals. Since the transport of charge carriers in a

QD is confined in all directions, the corresponding energy

spectrum is completely discrete, just as it is for an isolated

atom [1]. For this reason, QDs are often called artificial

atoms, although each QD consists of thousands or even

hundreds of thousands of real atoms. Naturally, charged

QDs are implied. Empty QDs cannot be considered as

analogues of real atoms, but they are of special interest

for studying the charge-carrier resonant tunneling through

zero-dimensional systems [2]. In turn, like a real atom, a

charged QD (an artificial atom) can contain one or several

free charge carriers exhibiting both the confinement and

electron-electron interaction effects during recharging [1].
Relative contributions of these effects are dependent on the

size of a quantum dot and the characteristics of its boundary

thereby forming the subsequence of shells revealed by

studying the non-equidistant energy spectrum [3,4]. If the

number of charge carriers in a QD is more than 100, the

energy spectrum has to be equidistant and the distance

between energy levels is determined by the electron-electron

interaction controlled by varying the gate voltage, E = e2/C,

where C is the total capacitance of a QD [1,5–7].

Like QWs and QWrs, QDs can be obtained by combining

as-grown samples by the molecular-beam epitaxial method

and electrostatical gating using the nanolithography tech-

nique with subsequent selective etching and metal deposi-

tion of microcontacts [8,9]. For example, the formation of

QDs inside the AlGaAs/GaAs heterostructures starts from

the deposition of masks onto the surface of the wide-gap

part, AlGaAs. The electrons from the shallow donor centers

in AlGaAs transfer into the zero-dimensional GaAs dots pre-

pared by etching. Therefore, the number of charge carriers

localized in a QD is determined by the shallow donor con-

centration which is unfortunately suppressed by their self-

compensation due to the replacement of the Ga neighboring

atom by Al that results in the formation of the DX cen-

ters [10,11]. This self-compensation in as grown structures

gives rise to difficulties in studies of the energy and charge

quantization phenomena. However, this disadvantage can

be eliminated in electrostatically prepared one-dimensional

and zero-dimensional structures in which the motion of the

charge carriers in QWs is confined by the voltage applied

to the microcontacts (Fig. 1, a). The main advantage of

electrostatic methods is the ability to increase and control

the number of electrons or holes in a QD up to several

hundreds, thus allowing the observation of the changes

in the current-voltage (I−V) characteristics that appear to

reveal the Coulomb blockade and Coulomb oscillations [12].

By varying the source-drain voltage (Vds) and the gate

voltage (Vg), we can create not only the QWr connecting

two 2D lakes using the split-gate technique but also form

a QD inside this quantum wire (Fig. 1, a) [9]. These

electrostatic QDs result from the voltage applied to finger
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Figure 1. a — a schematic representation of the structure

designed for studying the Coulomb blockade, Coulomb oscillations,

and Coulomb staircase of the conductance of a quantum dot during

the transport of single charge carriers. The split-gate voltage, Vg ,

is used to create the modulated QWr inside QW. The voltages Vg1

and Vg2 are applied to the finger gates to define a quantum dot.

b — a scheme for a weakly coupled quantum dot inside a quantum

wire.

gates, whereas the central gate voltage controls the number

of 1D sub-bands below the Fermi level (Fig. 1, a). Thus,

the scheme that is able to control the I−V characteristics

of a QD inside electrostatic QWr appears to be a basis

of the variety of single electron transistors [13–15]. Such

a system where single electron tunneling (SET) can be

observed consists of the drain, source and the island that

is isolated from controlling gates (Figs 1, a, b).
The tunneling processes through the isolated island (or

series of isolated islands) could be suppressed if low voltage

is applied to the drain-source contacts as a result of the

Coulomb blockade which arises from the Coulomb interac-

tion of the tunneling electron with the electrons captured

at a quantum dot (Fig. 1, b). Therefore the island can be

recharged by varying the integer number of electrons when

the gate voltage drops across the island as well as the drain-

source voltage appears to be changed. These procedures

result in charge imbalance between the drain-source contacts

and the isolated island, which shows up in saw-tooth like

oscillation depending on the gate voltage value [1]. The

transport through the island is forbidden everywhere except

the points of saw-tooth dependent changes from +e/2 to

−e/2, in which the Coulomb blockade is lifted, and the

conductance exhibits a peak. Thus, the conductance of such

a device oscillates depending on the gate voltage value, with

the period equal to the value of 1Vg = e/Cg , where Cg is

the gate capacitance (see Fig. 1, b).
Besides, the I−V characteristics reveal the threshold

behavior for the electron tunneling processes, eUth = e2/2C,

where C is total capacitance of the device which rep-

resents the sum of the gate capacitance (Cg) and the

capacitance of the island (C i ) that contains also the

capacitances of the left and right leads (see Fig. 1, b),
C = C i + Cg = (CL + CR) + Cg [16, p. 306]. The Coulomb

blockade is overcome when the quasi-Fermi levels are

formed by increasing the value of the Vds voltage. Fur-

thermore, the changes of the quasi-Fermi level appear to

exhibit the energy position of the zero-dimensional sub-

bands [1]. The current begins to flow as soon as the Fermi

level of the source rises above the first zero-dimensional

sub-band [12]. When the Fermi level rises further, the

higher zero-dimensional sub-bands begin to contribute to

the current [1].

It’s necessary to note that there are no fundamental rea-

sons forbidding the observation of the Coulomb blockade at

high temperature. Moreover, recently the Coulomb blockade

has been observed around room temperature [17]. It

requires a significant energy difference between neighboring

Coulomb energy levels in comparison with thermal energy,

1E = e2/2C > kT , or, in another words, a realization of the

small capacitance system due to decrease of the quantum

dots size as well as the QDs serial sequences forma-

tion. Besides, tunneling resistance (RT ) has to be much

greater than quantum resistance (RK), h/e2, RT ≫ RK ,

thereby confining the electron wave function to an isolated

island [16,18]. From this point, the surface of semi-insulating

GaAs prepared in an excess phase of arsenic is a very

interesting model material because it can be represented as

a strong disordered system of the charged and uncharged

quantum dots formed from the anti-site related defects.

If such surface disordering could be controlled somehow,

the transition from the Coulomb blockade regime to the

weak localization regime would be possible to observe

at high temperatures, because the conditions of quantum-

mechanical tunneling depend on degree of disorder. Here

the goal of this work is to study these phenomena on the

surface of the semi-insulating GaAs bulk (SI GaAs) using

the sulfur passivation technique.

2. Methods

The experimental samples were the SI GaAs bulk crystals

obtained in an excess of arsenic. The measurement of

the I−V characteristics were performed in the Hall bar

geometry, 4.7× 0.2mm, at room temperature. The gold

contacts, 0.2× 0.2mm, were prepared making a mask

with subsequent photolithography procedure to measure the

longitudinal voltage drop, Uxx , during the DC current sweep

at different magnitudes of the gate voltage. The DC current
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Drain Source

Figure 2. A device scheme designed to study the electrical

properties of the surface of SI GaAs bulk. The I−V (Uxx = f (Ids ))
characteristics were measured under the gate voltage applied to the

Uxy contacts.

was applied to the source-drain contacts, Ids , within frame-

works of the Hall bar geometry (Fig. 2). The gate voltage,

Vg , was applied to the Uxy contacts transversely to the Ids

current. The Uxx voltage drop was measured by the volt-

meter (Keithley 6517A) with extremely high impedance.

After measuring series of the I−V characteristics, the

samples were passivated by sulfur. Prior to sulfur passi-

vation, the samples were rinsed in acetone and 2-propanol

and subsequently treated with 1M aqueous sodium sulfide

solution for 4min. Then, the same sequence of the

I−V characteristics was repeated as well as the magne-

toresistance was measured by the Hall method at room

temperature.

3. Experimental results and discussion

3.1. Coulomb blockade

Series of the I−V characteristics obtained at room

temperature reveal nonlinear behavior that appears to be

evidence of the Coulomb blockade process (Fig. 3). It

is mentioned above that the total capacitance of the

Coulomb blockade system, C, is the sum of the gate

capacitance, Cg , and the capacitance of the island, C i ,

(see Fig. 1, b), C = C i + Cg [16, p. 306]. Thus, both

capacitances, C i and Cg , are necessary to be estimated.

Linear approximation of high current gives the voltage

threshold value of Uth = 0.68± 0.02V which results from

the Coulomb blockade condition, eUth = e2/2C (Fig. 3).
Therefore, the total capacitance, C, can be estimated as

(1.18 ± 0.03) · 10−19 F. Moreover, as noticed above the gate

capacitance appears to be defined from the period of the

Coulomb oscillations, 1Vg = e/Cg , revealed by measuring

the Uxx voltage as a function of the gate voltage, Vg (Fig. 4).
Fig. 4 shows the oscillations with a period of 1.5± 0.25V

that corresponds to the value of the gate capacitance equal

to (1.07± 0.18) · 10−19 F.

Thus, the island capacitance, C i = C −Cg , appears

to be equal to (1.1± 0.2) · 10−20 F. If the island is

assumed to be spherical form, its radius is estimated

as r = C i/8ε0ε ≈ 0.13± 0.02 Å, where ε = 12 for GaAs,

ε0 = 8.85 · 10−12 F/m. But this value is too small even if

the Coulomb blockade could be caused by only single point

defect. This result a reason for doubt to use the spherical

model at nanoscale. Therefore, such a capacitance value

seems to result from the serial concatenation of capacitors:

1/C = 1/C1 + . . . + 1/Cn ≈ n/C0, (1)

where C0 is the capacitance of single element in a chain.

As it was mentioned above, to observe the Coulomb

oscillations at room temperature it is necessary to achieve
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Figure 3. The I−V characteristic measured at the surface of

the semi-insulating GaAs bulk structure. Solid line indicates the

Coulomb blockade threshold, Uth = e/2C . T = 300K.
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Figure 4. 3D plot of the Uxx voltage measured at the surface of

the semi-insulating GaAs bulk structure at different values of the

gate-voltage and the drain-source current. T = 300K.
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Figure 5. The I−V characteristic after passivation of the SI GaAs

bulk crystal by sulfur. T = 300K; Vg = 0.
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Figure 6. Schematic diagram of the potential profile at the Fermi level position for the SI GaAs surface after passivation by sulfur. Chaotic

sequence of the surface defects before and after passivation by sulfur results in the complicated system of the potential barriers that seems

to be a basis of the resistance increase. Owing to the position of the quasi-Fermi levels the transport processes have to crossover from the

quasi-1D to the 2D regime, whereas the conductance is controlled by scattering on random potential between the EFq1 and EFq2 energies.

low capacitance value of an island. However, the to-

tal capacitance of serial concatenation of islands overall,

C = C0/n, can be rather small. Such capacitor systems

seem to represent microdefects, dislocations, clusters or

extended defects. The anti-site related centers, AsGa, appear

to be very good candidates to play an important role

in the Coulomb blockade phenomena because of their

high concentration on the surface of the SI GaAs bulk

crystals grown in an excess of arsenic [19–24]. The serial

arrangement of the single capacitors was suggested to be

caused by the deformation potential introduced by the

contacts which are able to create preferable direction of the

anti-site defects packing on the GaAs surface.

The question arises on the restriction of the number of

capacitors in a chain to justify the serial concatenation
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Figure 7. I−V characteristics of the SI GaAs sample passivated by sulfur under applied positive (a) and negative (b) gate-voltage

T = 300K.

model. This value seems to be up to 105, if the sheet

density of the anti-site defects near the SI GaAs surface to

be taken into account. Nevertheless, the degree of disorder

in the defect’s arrangement has to be a more effective

factor to enhance the Coulomb blockade in such a system.

Therefore, the suppression of the charge activity of the anti-

site defects which appears to give rise to the changes in

the relation between their charged and uncharged states

can cause the transition from the Coulomb blockade to the

resonant tunneling regime. In order to control this relation

that affects the degree of disorder, the passivation of the

SI GaAs by sulfur was used. The measurements of the

I−V characteristics as well as the magnetoresistance were

carried out to identify the parameters of the tunneling and

weak localization processes.

3.2. Tunneling transitions

Fig. 5 shows that the sulfur passivation results in enor-

mous transformation of the I−V characteristics. Firstly,

the resistance of the SI GaAs device studied has increased

significantly. Secondly, the I−V characteristic demonstrates

four different ranges. Two of them are described by the

linear ohmic dependence versus applied current (see the

ranges I and III). It should be noted that the resistance

in the second ohmic part is much higher than in the first

one. Another two ranges are related to the transition

process that is defined by the presence of the Negative

Differential Resistance (NDR) (see the ranges I and IV).
The following model can qualitatively describe this behavior.

Within the suggested model anti-site defects are transformed

into electrically neutral centers as a result of the sulfur passi-

vation. These electrically neutral centers represent some po-

tential barriers for charge carriers. Thus, the transport along

the device surface is defined by the tunneling processes

through these potential barriers. Therefore, the surface

resistance after sulfur passivation increases dramatically in

comparison with that of initial samples before this procedure

(see range I in Fig. 5). The Ids change from 250 pA

to 280 pA results in a sharp resistance increase in this

range due to scattering events of carriers on the potential

barriers (range II in Fig. 5). Then, the tunneling probability

for the charge carriers is enhanced which is revealed by

the S-shaped I−V characteristics in the Ids range from

290 pA to 310 pA as within frameworks of the Esaki

model [25]. The range III in Fig. 5 shows the characteristic

ohmic behavior of Uxx (Ids), because the value of the

resistance is dependent on the scattering processes, whereas

its fluctuations are manifested by the tunneling processes.

Therefore, the difference in the chemical potentials of the

Ids contacts gives rise to the conductance that is affected by

scattering on random potential between energies EFq1 and

EFq2, and owing to the creation of the quasi-Fermi levels the

transport processes appear to crossover from the quasi-1D

to the 2D regime (Fig. 6). However, the resistance of such a

system seems to be increased as a result of the localization

of carriers in the traps introduced by random potential of

the SI GaAs surface passivated by sulfur. The high Ids

range in the I−V characteristics is defined by the break

down of the device into the insulator regime with the values

of resistance up to 60G� (see range IV in Fig. 5). Finally,
such a break down behavior for the I−V characteristics has

to be evidence of further increase of the difference between

energies EFq1 and EFq2 that can be a reason for a giant gain

in scattering power of random potential.

The results of the series of I−V characteristics measured

under different applied gate voltages using the Hall contacts

are presented in Figs 7, a, b. The NDR area is found only

at Vg = 0 (see Fig. 5). For both positive and negative

gate voltage applied to the device, the break down point

to an insulator regime is shifted to higher Ids values

accompanied by the disappearance of the main NDR peak

(see Figs 7, a, b). This result is possiblly the evidence of

identical parameters of all tunnel barriers created by the

sulfur passivation and seems to be due to the stabilization of

the quasi-Fermi level position on the SI GaAs surface when
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Figure 8. Model of the (100) face of the GaAs sample (a) reconstructed because of the negative-U properties for the Ga dangling

bonds (b) and the GaAs double acceptor anti-site centers in the presence of the AsGa surface donor anti-site defects (c), which promote

the sulfur adsorption processes (d).

the critical value of Ids is reached for the next tunneling

barrier. Besides, the redistribution of the potentials inside

the serial concatenation of the tunneling barriers when the

Ids value is scanning can result from the higher charge

carrier velocity that gives rise to the increase of resistance

as a result of intensive scattering processes.

As noticed above, these results testifying to the tran-

sition from the Coulomb blockade regime to the quan-

tum-mechanical tunneling on a SI GaAs surface can

be considered within frameworks of the model of the

surface defects passivated by sulfur. The donor (AsGa)
and acceptor (GaAs) anti-site related centers as well as

the Ga dangling bonds are known to be responsible for

the self-compensation processes that are a basis of the

growth of different varieties of SI GaAs [20,21,26,27].
The self-compensation results in the Fermi level pinning

at a SI GaAs surface and make the passivation by the

elements with two excess electrons possible, for example,

chalcogens, because these centers are respectively double

donors (AsGa(+/ + +) − Ev + 0.52 eV; AsGa(0/+) − Ec

− 0.75 eV) [23], double acceptor (GaAs(0/−) − Ev

+ 0.077 eV; GaAs(−/ −−) − Ev+0.2 eV [21,28]). How-

ever the studies of the negative electron affinity formation

at the GaAs surface under the passivation by cesium

and oxygen have revealed the opposite order for the

acceptor levels in the gap (GaAs(−/ −−) − Ev + 0.077 eV;

GaAs(0/−) − Ev + 0.2 eV) [21]. Therefore, this center

as well as the amphoteric Ga dangling bond center

((0/+) − Ec − 0.2 eV; (−/0) − Ev + 0.25 eV) appear to be

very good candidates for the passivation of the SI GaAs

surface because of their negative-U properties [29–31] (see
Figs 8, a−d and 9, a). Since the Fermi level pinning

is enhanced in the presence of the negative-U centers,

their effect on the compensation of the anti-site donor

centers seems to give rise to the Coulomb blockade in the

impurity bands (Figs 9, b, c). Moreover, the inhomogeneous

distribution of the donor and acceptor anti-site centers has

to lead to the parallel and series concatenation of the

charge islands confined by the barriers which appear to be

revealed by studying the I−V characteristics (see Figs 3

and 4). Fig. 9, c demonstrates these disorder effects with

the charge islands caused by the self-compensated surface

area with the neutral donor anti-site centers appearing in

between. In turn, the role of the passivation of the negative-

U centers that suppresses the Coulomb blockade effects

is shown in Fig. 9, d as the energy barrier’s smoothing at

the preservation of the Fermi level pinning. Under these

conditions the Coulomb blockade transport regime seems

to be replaced by the electron tunneling from the neutral

anti-site donors by hopping processes through compensated

surface area that contains the one-electron As+Ga centers (see
Fig. 9, d). Within frameworks of the model presented the

distance between the quasi-Fermi energies EFq1 and EFq2

that appear to be affected by scattering on random potential

results from the energy barrier between the As0Ga and As+Ga
states (see Fig. 6). Thus, the surface areas passivated by
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Figure 9. One-electron band scheme which demonstrates the energy level positions for the double donor AsGa and acceptor GaAs anti-site

centers as well as the amphoteric Ga dangling bond center (a), the Fermi level pinning caused by the inhomogeneous distribution of the

acceptor centers (b), the Coulomb blockade transport regime that results from the formation of the charge islands confined by the barriers

containing the neutral donor anti-site centers (c), the preservation of the Fermi level pinning after the passivation of the SI GaAs surface

by sulfur (d, e).

sulfur have to be the object in which the processes of the

weak localization can be observed because of the Fermi

level pinning. The studies of the weak localization processes

seem to give evidence for their sizes which appear to be a

reason for of the I−V characteristics shown in Figs 3−5

and 7, a, b.

In order to verify the processes of weak localization in the

GaAs surface areas passivated by sulfur, the measurements

of magnetoresistance were performed within the Hall

geometry at room temperature at two values of the drain-

source currents (100 pA and 1 nA). The results obtained

are shown in Fig. 10. Each point was measured 50 times

to increase the accuracy of the experiment. The error bars

were calculated taking into account 0.95 confidence interval.

Both curves demonstrate the negative magnetoresistance

behavior in weak magnetic fields (B < 300G) that appears

to be the manifestation of the weak localization regime

realized in disordered systems, where the charge motion

is diffusive (lϕ ≫ lm, lϕ — phase coherence length, lm —
the mean free path) rather than ballistic. In this case

the weak localization correction (1σ ) comes from the

quantum interference between self-crossing paths in which

an electron can propagate in the clock-wise and counter-

clockwise direction around a loop that contains series

of scatters (see insert in Fig. 11) [32,33]. The change

observed in the value of conductance appeared to be less

than 1% of e2/h although the relative variations of the

resistance are of the order 30%, with the absolute values

of the resistance shown in insert of Fig. 10. The behavior

of the magnetoresistance measured at Ids = 100 pA in

weak magnetic fields seems to be described satisfactory

by well-known formula for a weak localization in narrow

channels [34,35]:

1R(B)/R =−R/L · 2e2/h[(1/l2ϕ + W 2/12l4B)−1/2 − lϕ], (2)

where W — channel width, lB = (h/4πeB)1/2, W < lB .

The result of two-parameter fitting (W and lϕ) is

shown in Fig. 11, a, W = 10.6 · 10−9 m, lϕ = 0.92 · 10−6 m,

L = 2mm, R = 200M�, lB = 10−7 m at B = 300G. How-

ever, two questions arise. Why weak localization is observed

at room temperature and what is the cornerstone of so large

value of the phase-relaxation length (lϕ) for the SI GaAs

surface passivated by sulfur.

The magnetoresistance curves with positive convexity

are specific to 1D transport [34]. Probably therefore it

is rather difficult to analyse the data presented in Fig. 10
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Figure 10. Relative magnetoresistance changes of the SI GaAs sample passivated by sulfur which were measured at two values of

the drain-source current at T = 300K. Insert: The loop containing series of scatters that result in the quantum interference between

self-crossing paths in which an electron can propagate in the clock-wise and counter-clockwise direction.

within frameworks of the weak localization models for the

2D systems [36,37]. If the values of the sheet density,

n2D = 7.25 · 109 m−2, and mobility, µ = 0.5m2/Vs, see

also [26] are taken into account, then the transport time,

τm ∼ 2 · 10−13 s, is rather small than the phase relaxation

time, τϕ = l2ϕ/D = 2 · l2ϕ/v
2
Fτm ∼ 4 · 10−6 s, that gives rise

to that condition of a weak-localization regime.

At higher magnetic fields (> 500G), the magnetoresis-

tance measured at Ids = 100 pA reveals the oscillations that

appear to be a result of the h/2e Aharonov−Altshuler−
Spivak (AAS) effect, with the complicated behavior because

of possible statistical mismatch of the interference paths

in the presence of different microdefects [33,38]. The

average period of the high magnetic field oscillations is

estimated by the following approach. Firstly, the accurate

maxima positions are obtained by the decomposition of the

oscillations into several Lorentz-shape peaks. The results

of this decomposition are presented in the Table. The

estimated average period is equal to 1B = 200 ± 38G.

Since the error is significant, the low-frequency signal part

was filtered by the Savitzky-Golay digital filter with the

window corresponding to the value of 1B = 200G. The

results of the low-frequency filtering give rise to the residual

oscillations with the period 1B = 181± 5G that is in a

good agreement with data obtained in the first step (see
Table). From this behavior we can estimate the average

size of the defect area responsible for the magnetoresistance

oscillations. Taking into account the phase relation for

the closed circuit we can write: 28/80 = 1, 8 = 1B · S,
S = 80/(21B) ≈ (5.7 + −0.2) · 10−14 m2, if 1B ≈ 181G.

Then, the approximate AB-loop size (r =
√

S/π) is about

135± 4 nm. This size could be attributed to the SI GaAs

surface compensated as a result of the sulfur passiva-

tion [30,31,39]. It should be noted that the average value of

the weak localization resistance drop is close to the period

of the magnetoresistance oscillations (see Fig. 11, a).

The magnetoresistance dependence measured at

Ids = 1 nA show similar trend, but the behavior in weak

magnetic fields becomes more abrupt and the sign of

The results of the magnetoresistance decomposition by the

Lorentz-shape peaks

Peak #
Peak position, Standard Distance between the

G Deviation, G neighbor peaks, G

1 490.6 8.4 274.0

2 764.7 5.5 177.1

3 941.7 7.9 175.6

4 1117.3 9.2 202.0

5 1319.3 27.6 184.6

6 1503.9 4.3 181.3

7 1685.2 60.7
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Figure 11. a — relative magnetoresistance of the SI GaAs sample passivated by sulfur that is measured at low value of Ids = 100 pA

(T = 300K). The absolute resistance values are demonstrated in insert. The solid curve is theoretical fitting based on Eq. (2). b — relative

magnetoresistance of the SI GaAs sample passivated by sulfur that was measured at high value of Ids (T = 300K). The solid curve is

theoretical fitting based on Eq. (3). Ids = 1 nA.

convexity changed (Fig. 11, b). According to Ref. [34], it
could be a result of a transition from quasi-1D channel to

2D channel [40]. In the case of the 2D channel (W ≫ lB)
the fitting procedure in the frameworks of the model

described above [36,37] is difficult because there are

three independent parameters, but in weak magnetic fields

(B < B th = h/8πeDτm), for a weak spin-orbit interaction

and a weak magnetic scattering we can use the formula:

1R(B)/R = − R ·W/L · e2/πh[ln(Bϕ/B)

− ψ(1/2 + Bϕ/B)], (3)

where ψ-digamma function, Bϕ = h/8πel2ϕ [36]. Fitting

result is also presented in Fig. 11, b, with lϕ = 1.46mkm,

W = 54mkm. Compared to the result obtained at

Ids = 100 pA, the value of W has increased that is in a

good agreement with 1D-2D transition model.

Further increase of the magnetic field results in the linear

positive magnetoresistace response measured at Ids = 1 nA

(Fig. 10). This linear magnetoresistace effect is a property

of compositionally inhomogeneous semiconductors with

strong electrical disorder [41]. These systems could be

described within frameworks of the classical model of the

2D resistor network that mimic inhomogeneous conducting

media [42]. At higher magnetic field, the magnetoresistance

oscillations are observed as well as for Ids = 100 pA. The

period value obtained from sinus fitting appeared to be of

the same order (1B = 121± 8G) as in those oscillations.

To sum up, the increase of Ids leads to the change from

the quasi-1D transport to the 2D transport. This transition

attributes the increase of the system resistance as it was

seen in the I−V characteristics, where the first part (I, see
Fig. 7) has lower resistance than the third part (III, see
Fig. 7). As it was mentioned above, the weak localization

effects were observed at room temperature. Previously, the

weak localization characteristics have already been seen at

room temperature in graphene grown on the SiC surface

by CVD and in SI GaAs under LED illumination [43,44].
The SI GaAs surface passivated by sulfur seems also to be a

good candidate for the observation of a weak localization at

room temperature because of the preservation of the Fermi

level pinning due to the presence of the deep level defects

like donor and acceptor anti-site defects [45].

4. Summary

The sulfur passivation of the semi-insulating GaAs bulk,

prepared in an excess phase of arsenic has been used to

observe the transition from the Coulomb blockade to weak

localization regime at room temperature. It became possible

as the conditions of quantum-mechanical tunneling appeared

to depend on the degree of disorder of the SI GaAs surface
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that is caused by inhomogeneous distribution of the donor

and acceptor anti-site defects.

The I−V characteristics of the SI GaAs device have

revealed nonlinear behavior that appears to be evidence

of the Coulomb blockade process as well as the Coulomb

oscillations that are observed by measuring the dependence

of the longitudinal voltage on the gate voltage applied to

the Hall contacts under high stabilization of the drain-

source current. The sulfur passivation results in enormous

transformation of the I−V characteristics that demonstrate

the strong increase of the resistance of the SI GaAs device

which is due the localization of carriers in the traps

introduced by random potential.

The results obtained have been analyzed within frame-

works of the self-compensation of the donor and acceptor

anti-site defects as well as the amphoteric Ga dangling

bonds that are very good candidates for the passivation

by the elements with two excess electrons, for example,

chalcogens, because of their negative-U properties. Since

the Fermi level pinning is enhanced in the presence of the

negative-U centers, their effect on the compensation of the

anti-site donor centers seems to give rise to the Coulomb

blockade in the impurity bands. Moreover, the inhomo-

geneous distribution of the donor and acceptor anti-site

centers has to lead to the parallel and series concatenation

of the charge islands caused by the self-compensated surface

area which are confined by the barriers that contain neutral

anti-site donors. The I−V characteristics have shown that

sulfur passivation of the negative-U centers suppresses the

Coulomb blockade effects because of the energy barrier’s

smoothing at the preservation of the Fermi level pinning.

Thus, the Coulomb blockade transport regime seems to be

replaced by the electron tunneling from the neutral anti-site

donors by hopping processes through compensated surface

area that contains the one-electron As+Ga centers.

The preservation of the Fermi level pinning has revealed

the SI GaAs surface areas passivated by sulfur as the

object for the studies of the weak localization processes

that have been demonstrated by measuring the negative

magnetoresistance in weak magnetic fields at room tem-

perature. These results appear to be the manifestation

of the weak localization regime realized in disordered

systems, where the charge motion is diffusive rather than

ballistic. At higher magnetic fields, the magnetoresistance

measurements have revealed the oscillations that appear

to be a result of the h/2e Aharonov−Altshuler−Spivak

effect with the complicated behavior because of possible

statistical mismatch of the interference paths in the presence

of different microdefects. The AB-loop size estimated from

the period of the AAS oscillations could be attributed to

the SI GaAs compensated surface area created as a result

of the sulfur passivation. Finally, the average value of the

weak localization resistance drop appeared to be close to

the period of the magnetoresistance oscillations.
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