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A B S T R A C T

In the present paper we report about the influence of Swift Heavy Ions (SHI) irradiation on the electron
transport in a silicon structure containing 𝛿-layer heavy-doped with antimony. Temperature and magnetic
field dependencies of the sheet resistance 𝑅𝑆𝑞(𝑇 , 𝐵) in the temperature range 2 < 𝑇 < 300 K and magnetic
field induction (𝐵) up to 8 T of the structure before and after the 167 MeV 𝑋𝑒+26 ion irradiation with
1 ⋅ 108 cm−2 – 5 ⋅ 1010 cm−2 ion fluences (𝐷) were measured. The observed 𝑅𝑆𝑞(𝐷, 𝑇 ) curves for 𝛿-layer
have shown the competition between formation and annealing of defects induced by SHI irradiation due to
electron stopping mechanism of ion energy loosing. Besides, at temperatures below 50 K, we observed the
transition from exponential dependencies of 𝑅𝑆𝑞(𝑇 ) to a semi-logarithmic 𝑅𝑆𝑞 ∼ −lg(𝑇 ) ones both before and
after the SHI exposure. Such behavior confirms the assumption that the low-temperature carrier transport
is carried out mainly by the 𝛿-layer. Moreover, transition from positive (PMR) to negative (NMR) relative
magnetoresistance 𝑀𝑅(𝐵) was observed when temperature decreasing. The appropriate characteristic times
for the carrier scattering process in 𝛿-layer at temperatures below 25 K were estimated from 𝑅𝑆𝑞(𝑇 , 𝐵)
dependencies using the theory of 2D quantum corrections to Drude conductivity due to interference of electrons
moving by self-crossing routes inside of 𝛿-layer. Fitting of 𝑅𝑆𝑞(𝑇 , 𝐵) curves in frameworks of this theory
indicates prevailing of phase breaking of electrons‘ wave function due to their scattering on weakly-localized
defect centers induced by SHI irradiation.
1. Introduction

Sharp and nanometer-scale width profiles of dopant distribution in
semiconductors (known as 𝛿-layers) are the subject of interest for two
main reasons. Firstly, they are interesting for fabrication of nanoscale
electronic devices. In particular, 𝛿-doping of silicon (𝑆𝑖) by antimony
(𝑆𝑏) has received much attention in view of possible application in such
devices as tunnel diodes [1,2], heterojunction bipolar transistors [3,4]
and Schottky diodes with reduced barrier height, which are used in
radio imaging systems in the millimeter wavelength range providing
detection without bias voltage [5]. The creation of sharp profiles of
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𝑛−type dopants (𝑆𝑏, 𝑃 and 𝐴𝑠) in 𝑆𝑖 during molecular beam epitaxy
(MBE) growth is challenging due to their pronounced surface segrega-
tion [6–9] and so requires some efforts to overcome. Secondly, 𝛿-layers
are in metallic side of Mott metal–insulator transition that makes them
interesting objects for the study of such fundamental properties of low-
temperature carrier transport like hopping and quantum interference
contributions into conductivity, spin-resolved effects, etc. [1]. In this
sense, 𝛿-layers embedded into the semiconducting matrix become one
of the mostly typical 2D electronic systems, where it is possible to
obtain the electron sheet concentrations in a rather wide range, up
vailable online 10 December 2021
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to the very high values of about ∼ 1014 – 1015 cm−2 [5]. But, the
lectron mobility in 𝛿-layers is usually very low, in comparison with
etero-junctions, due to the pronounced contribution of the elastic and
nelastic scattering of carriers on the impurity atoms and defects. Just
his peculiarity of 𝛿-layers creates the appropriate conditions for the
bservation of 2D interference quantum corrections (QCs) to Drude
onductivity, due to weak localization effects at the presence of self-
rossing carriers‘ trajectories [10–12]. These phenomena, as is known,
llow to extract the information about the changes in Thouless lengths
nd characteristic times of pulse relaxation because of phase breaking
f electron wave functions due to external influences (temperature,
agnetic field, defects, etc.).

On the other side, defects are ubiquitous in semiconducting sam-
les and play an important – if not imperative – role in properties
f both 3D and 2D materials and, as mentioned above, performance
f any devices on their base (see, for example, [12] and References
herein). Thus, many independent studies have targeted the artificial
ntroduction of defects into 2D materials using irradiation by ions
ith different energies (low-, medium-, as well as swift heavy ions

SHI), in particular), see for example, [13–15] and References therein.
hen SHI enters inside the semiconductor, it loses its energy through

lectronic and nuclear energy loss mechanisms. But in near-surface 𝛿-
layers, the electronic energy loss is dominated whereas the nuclear
energy loss becomes dominant only at the end of the projected range
of ion, i.e. in the depth of the substrate [15]. Thus, it is natural to
expect after SHI exposure noticeable changes in electronic properties
inside the near-surface part of 𝑆𝑖-based nanostructures due to effects
f lattice ionization, intermixing as well as partial annealing of the
nduced defects.

In this connection, it would be beneficial to develop general defect
ngineering strategies for 2D 𝑆𝑖-based nanostructures relying on a
horough understanding of defects formation mechanisms under SHI
rradiation, which may significantly vary from the ones relevant for 3D
aterials [16].

So, the goal of this paper is to study the changes in 2D carrier
ransport characteristics in silicon with 2D 𝛿-layer of 𝑆𝑏 caused by
efects induced by SHI exposure with low fluences.

. Experimental procedures

The samples with 𝛿-layer of 𝑆𝑏 were fabricated on 12 Ω cm 𝑆𝑖 (100)
ubstrates and are schematically shown in Fig. 1a. The growth was
erformed by solid-source MBE on the Riber SIVA-21 machine. 𝑆𝑖 was
eposited using E-Beam evaporator, while 𝑆𝑏 was deposited from the
tandard effusion cell. The growth temperature was controlled by spe-
ially calibrated thermocouple and the IR pyrometer IMPAC IS 12 [17].
𝑖 growth rate was controlled using quadrupole mass-spectrometer and
uartz thickness sensor.

After standard cleaning of 𝑆𝑖 (001) substrate, 𝑆𝑖 buffer 100 nm thick
ayer was deposited at 550 ◦C. Subsequently the antimony 𝛿-layer was
abricated using the selective doping technique described in [17]. In
articular, the temperature was dropped down to 350 ◦C, and a certain
mount of 𝑆𝑏 (∼0.3 ML) was deposited and then capped by thin 𝑆𝑖
ayer at such a low temperature. This allowed to obtain a sharp rise of
𝑏 concentration in 𝛿-layer. In order to obtain a sharp drop of 𝑆𝑏 bulk
oncentration (and thus to complete the 𝛿-layer formation) the growth
as interrupted and temperature was raised up to 535 ◦C followed by
rowth of 𝑆𝑖 capping layer at this temperature. Due to the very high
alue of segregation ratio at 535 ◦C [18], the 𝑆𝑏 incorporation into
𝑖 layer grown at 535 ◦C was negligible that allowed to obtain the
esired sharp decrease of 𝑆𝑏 bulk concentration and so to form the 𝛿-
oped layer with abrupt boundaries. Indeed, SIMS measurements have
evealed that the top 𝑆𝑖 layer (of about 70–75 nm thick) had rather low
oncentration of 𝑆𝑏 of the order of (5 ⋅ 1015 – 1 ⋅ 1016) cm−3. Therefore,
s is seen from Fig. 1a, the structure 𝑆𝑖 /𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖 /𝑆𝑖 to be
2

2𝑒𝑝𝑖 1 𝑒𝑝𝑖 𝑠𝑢𝑏 d
easured contained multiple layers: two lightly-doped epitaxial 𝑆𝑖𝑒𝑝𝑖
ayers 4 and 6, heavy-doped 𝛿-layer 5 and 𝑆𝑖 substrate 3.

After growing of epitaxial structures (shown in Fig. 1a), 8 contact
ads were prepared by photolithography method (Fig. 1b). Two cur-
ent contacts (numerated 1–2) and four potential contacts (numerated
–10) were mounted on a special measuring platform using copper
icrowires ultrasonically soldered by indium to the contact pads. This
ade it possible to measure electrical sheet resistance 𝑅𝑆𝑞 using the

four potential probe method. To check the ohmic behavior of all
contacts, we also measured the current–voltage (𝐼-𝑉 ) characteristics
between 1–2 contacts. 𝐼–𝑉 curves have shown strictly linear shape
in the whole temperature range (Fig. 1c) that confirms their ohmic
behavior.

To characterize the structural properties of the as-grown samples
with 𝛿-doped layers, we have used SIMS, capacitance–voltage (𝐶–𝑉 )
nd TEM measurements. Distribution of 𝑆𝑏 atoms obtained by SIMS
or one of the typical structures is shown in Fig. 2a in which the
eavily doped 𝛿-𝑆𝑏 layer is clearly seen (𝑆𝑏 concentration of the order
f 1 ⋅ 1019 cm−3) along with nominally undoped top and bottom 𝑆𝑖
ayers (𝑆𝑏 concentration of the order of 1 ⋅ 1016 cm−3). However, we
elieve that the observed 𝑆𝑏 concentration in undoped layers is largely
verestimated due to the SIMS sensitivity limitations (nearly constant
𝑏 concentration in undoped layers is the ‘‘parasitic background’’ and

hould not be considered as a reliable value) and so the real 𝑆𝑏
oncentration in undoped 𝑆𝑖 layers is much smaller. The results of 𝐶–𝑉

measurements in Fig. 2b confirm the enrichment of the heavily-doped
𝛿-layer with electrons and their low concentration in top and bottom
𝑆𝑖 layers. Taking into account that fluences of SHI irradiation were low
(by reasons mentioned above).

The cross section TEM image of the initial (before irradiation)
structure did not observed any differences from surrounding 𝑆𝑖 epi-
layers and substrate that shows high crystalline quality of 𝛿-layer.

aking into account that fluences of SHI irradiation were low (for
he reasons mentioned below), we can hardly expect any significant
hanges in the structure of the 𝛿-layer after irradiation. We only note
hat the main defects will appear in this case only at the end of the
ean projective range of ions, i.e. in the substrate.

Samples were irradiated by 167 MeV 𝑋𝑒+26 ions with fluences
= 1 ⋅ 108 cm−2 – 5 ⋅ 1010 cm−2 at the Flerov Laboratory of Nuclear

eactions in Joint Institute for Nuclear Research (Dubna, Russia) using
he IC-100 cyclotron. The type of ions was chosen so that it did not give
dditional doping. The values of the irradiation fluences were chosen
eak enough so that they would not lead to intermixing, and also did
ot introduce significant damages into the 𝛿-layer, which would lead it
o an amorphous state or to Anderson’s localization [15,16,19,20].

Temperature and magnetic field dependencies of 𝐼–𝑉 and 𝑅𝑆𝑞(𝑇 , 𝐵)
ere measured in the temperature range of 2 < 𝑇 < 300 K and magnetic

ields up to 8 T both before and after the SHI irradiation. These
easurements were performed using the High Field Measurement Sys-

em (HFMS) supplied with a closed cycle refrigerator (Cryogenic Ltd.,
ondon). The sample to be measured was mounted in a special contact
latform which was linked to measuring system containing temperature
nd magnetic field sensors, as well as special shields with heaters
round sample to be measured. The measuring platform with the
ounted sample was inserted into the channel of superconducting

olenoid in the HFMS and connected to an automated electronic mea-
uring system. The current through the sample was controlled by the
ub-Femtoamp Remote SourceMeter Keithley 6430, which made it
ossible to detect the 𝐼–𝑉 curves and electrical resistance of the sample
n the range of 100 𝜇Ω – 10 GΩ with accuracy not worse than 0.1%.
he temperature of the samples was controlled by LakeShore 𝐺𝑎𝐴𝑠
hermodiodes calibrated with an accuracy of 0.0005 K and having a
eproducibility of 0.001 K. To stabilize and measure the temperature
ith an accuracy of 0.005 K, during scanning of 𝐵 or sweeping-out of
–𝑉 characteristics, we used the LakeShore 331 controller. The error of
he sheet resistance 𝑅𝑆𝑞 detecting was about 1%, which was mainly due
o the inaccuracy in the samples geometric dimensions measurement
nd also measurements of the potential electrical contacts width and

istances between them.
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Fig. 1. A schematic cross-view image of the studied sample with 𝛿-layer of 𝑆𝑏 in Silicon (a), its top-view image with the electric contact pads (b) as well is its 𝐼 −𝑉 characteristics
(c). Designations in (a): 1, 2 – metallic electric contacts, 3 – 𝑆𝑖𝑠𝑢𝑏 - substrate, 4 – buffer 𝑆𝑖 layer (𝑆𝑖1𝑒𝑝𝑖), 5 – 𝛿-doped layer, 6 – top 𝑆𝑖 layer (𝑆𝑖2𝑒𝑝𝑖). In (b): 7, 8 and 9, 10 –
potential electric contacts; 11, 12 – Hall contacts. Designations in (c): 1 – 300 K, 2 – 50 K, 3 – 2 K.
Fig. 2. (a) – 𝑆𝑏 atomic distribution obtained by SIMS; (b) – electron distribution obtained by 𝐶–𝑉 measurements.
3. Results

Our previous studies [21,22] have shown that the current distribu-
tion between layers in the studied structure 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏
was rather complicated in the studied range of temperatures. This is re-
flected by two very important characteristics of 𝑅𝑆𝑞(𝑇 ,𝐷) dependencies
presented in Fig. 3. Firstly, we note that curve 2 for 𝐷 = 1 ⋅ 108 ion/cm2

lies lower than the curve 1 for pristine structure (i.e. at 𝐷 = 0). Second
peculiarity consists in the specific shape of temperature dependencies
of sheet resistance 𝑅𝑆𝑞(𝑇 ) in double logarithmic scale (in-set in Fig. 3).
As is seen, at 𝑇 > 200 K current is flowing mainly through 450 μm
thick 𝑆𝑖 substrate that was confirmed in [22] by linearization of 𝑅𝑆𝑞(𝑇 )
curves in Arrhenius scale at 200 < 𝑇 < 300 K with the slopes close to
the half-width of 𝑆𝑖 band gap. At the same time, below 25 K, carrier
transport in substrate and two epilayers are freezed-out, so that all the
current mainly goes through the thin heavy-doped 𝛿-layer.

The described changing in temperature dependencies of 𝑅𝑆𝑞(𝑇 ) in
Fig. 3 with the SHI fluence growth becomes apparent difference in
accumulation of defects (due to SHI irradiation) in different compo-
nents of the studied 𝑆𝑖 /𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖 /𝑆𝑖 multi-layered structure.
3

2𝑒𝑝𝑖 1 𝑒𝑝𝑖 𝑠𝑢𝑏
This is strongly confirmed by Fig. 4, where 𝑅𝑆𝑞(𝐷) dependencies,
presented for three different temperature ranges of measurements, evi-
dently show strong redistribution of current between layers in 𝑆𝑖2𝑒𝑝𝑖/𝛿-
𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏 structure with temperature change. As was men-
tioned above in accordance with the scheme in Fig. 1, curve 3 in
Fig. 4, measured at room temperature, corresponds to the case when
the 𝑅𝑆𝑞(𝑇 ) dependence is determined mainly by the current flowing
only through the 450 μm thick 𝑆𝑖 substrate (due to small thickness of 𝑆𝑖
epi-layers and 𝛿-layer). At the same time, curve 1, corresponding to the
temperature of 10 K, refers to the case, when 𝑅𝑆𝑞(𝑇 ) behavior is mainly
supplied by current flowing mainly through thin heavy-doped 𝛿-layer
having very low value of sheet resistance. Situation with curve 2 mea-
sured at 100 K is intermediate because the 𝑅𝑆𝑞(𝑇 ) is connected with all
layers in the studied structure 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏. Monotonous
shape of curve 3 in Fig. 4 probably reflects the fact that at high
temperatures relative contribution to 𝑅𝑆𝑞(𝐷) is due to accumulation
of defects (firstly, latent tracks formation) only in the depth of 𝑆𝑖
substrate [15].

As follows from Fig. 4, low temperatures curves 1 and 2 evi-
dently show non-monotonous behavior: they go through minimum of
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Fig. 3. Temperature dependence of the sheet resistance 𝑅𝑆𝑞 (𝑇 ) in pristine sample (1)
and after its SHI irradiation with different fluences 𝐷: 1 ⋅ 108 (2), 1 ⋅ 109 (3), 1 ⋅ 1010

(4) and 5 ⋅ 1010 (5) ion/cm2. Inset: 𝑅𝑆𝑞(Lg(𝑇 )) in the structure under study at low
temperatures 𝑇 < 100 K.

Fig. 4. Dependencies of the sheet resistance 𝑅𝑆𝑞 (𝐷) on fluence 𝐷 in the studied
structures for the temperatures 10 K (1), 100 K (2) and 285 K (3). Inset: Low-fluence
𝑅𝑆𝑞 (𝐷) curves 1 and 2 in larger scale in the region of minimal 𝑅𝑆𝑞 (𝐷) values.

𝑅𝑆𝑞(𝐷) dependencies at 𝐷 = 1 ⋅ 108 ion/cm2. (This correlate with
the above-mentioned fact that curve 2 in Fig. 3 after irradiation with
𝐷 = 1 ⋅ 108 ion/cm2 goes down as compared with the curve 1 for pris-
tine structure.) We will discuss the possible reasons of such behavior
below.

We can also see from Inset in Fig. 3, that below 25 K, when current
is flowing only through 𝛿-layer, the 𝑅𝑆𝑞(𝑇 ) curves for every 𝐷 value
are linearized in semi-log coordinates 𝑅𝑆𝑞 – lg(𝑇 ). Accordingly [10–12],
this indicates that carrier transport in 𝛿-layer can be probably described
by the theory of 2D quantum corrections (QCs) into Drude conductance.
The tendency of 𝑅𝑆𝑞(lg(𝑇 )) dependencies to saturate at temperatures
below 5 K can be attributed to the approaching the minimal metallic
conductivity 𝜎𝑚𝑖𝑛 due to disordering of 𝛿-layer owing to its closeness to
Mott metal–insulator transition [23,24].

Such complicated behavior of carrier transport with temperature in
the structure under study impedes its characterization on the basis of
the only 𝑅𝑆𝑞(𝑇 ) dependencies. So, to identify correctly the main con-
tributions into QCs just in the 𝛿-layer before and after SHI irradiation,
we have carried out the detailed analysis of relative magnetoresistance
4

𝑀𝑅(𝐵, 𝑇 ) = [𝑅𝑆𝑞(𝐵) −𝑅𝑆𝑞(0)]∕𝑅𝑆𝑞(0) measured at temperatures below
25 K in a wide range of magnetic fields. In accordance with [10–
12], for 2D weak localization, magnetoresistance of 𝛿-layer at different
temperatures can be expressed by the following equation

𝛥𝜌(𝐵) = −
𝑒2𝜌2

𝜋ℎ

[

𝐹
(

𝐵
𝐵𝜑

)

− 𝐹
(

𝐵
𝐵𝑒𝑒

)]

(1)

𝐹 (𝑥) = ln(𝑥) + 𝜓
(

0.5 + 𝑥−1
)

(2)

where 𝜓(𝑥) is the digamma function, the parameter 𝑥 = 𝐵
𝐵𝜑,𝑒𝑒

. Neg-
ative and positive contributions in Eq. (1) characterize phase break-
ing of electron wave function due to elastic scattering in conditions
of low-localization without (first (negative) contribution into 𝛥𝜌 in
Eq. (1)) and with accounting the electron–electron interaction (second
(positive) contribution into 𝛥𝜌 in Eq. (1)), accordingly. Here,

𝐵𝜑,𝑒𝑒 =
ℏ

4𝐷𝑑𝑖𝑓𝑓 𝑒
𝜏−1𝜑,𝑒𝑒 (3)

are characteristic magnetic fields, and 𝜏𝑖 and 𝜏𝑒𝑒 – characteristic carriers
scattering times for appropriate scattering processes, 𝐷𝑑𝑖𝑓𝑓 – diffusion
coefficients of carriers. Indices 𝑖 and 𝑒𝑒 in Eq. (1)–(3) mean characteris-
tic parameters for quasi-elastic scattering processes without (𝑖) and with
(𝑒𝑒) accounting the electron–electron interaction in the interference
QCs to Droude conductance.

As is seen from Fig. 5, below 25 K, when current is flowing mainly
through 𝛿-layer, we indeed observe the negative (NMR) contribution
to the relative magnetoresistance 𝑀𝑅(𝐵, 𝑇 ) following from Eq. (1).
At the same time, we can see that the values 𝑀𝑅(𝐵, 𝑇 ) decrease by
modulo followed by the transition to the positive magnetoresistive
effect (PMR) when the temperature increases. Taking into account the
above-mentioned redistribution of current between the layers of the
studied structure with the temperature change, we can attribute the
PMR to two contributions: (i) at low magnetic fields (less than 0.5
T) and lower 25 K to QCs taking into account of electron–electron
interaction in conditions of low localization and (ii) at magnetic fields
𝐵 > 2 – 4 𝑇 and at 𝑇 > 50 K to the acting of Lorentz force on carriers
movement in 𝑆𝑖 substrate and lightly-doped 𝑆𝑖 epi-layers. Below we
discuss the low-magnetic field contributions into NMR and PMR effects
using the obtained 𝑀𝑅(𝐵, 𝑇 ) dependencies in accordance with Eq. (1).

4. Discussion

Let us firstly discuss the observed changes in carrier transport in
the 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏 structure under impact of SHI irradia-
tion reasoning from the known mechanisms of dissipation of energy
introduced to the target by projectile.

As is known from literature [15,19,20], the main processes of
slowing down accelerated SHI in matter are the 𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 of
the incident ions with the target electrons subsystem (the so called,
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔 mechanism) and the 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 with the target
nuclei subsystem (𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔). In so doing, if SHI energies are
about few hundred MeV, the 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔 is dominant over the
𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔 mechanism, especially at the surface of the irradiated
structure. In addition, for heavy ions with such energies, nanostruc-
tured defects (such as amorphous nanometric latent tracks in the 𝑆𝑖
substrate depth as well as hillocks at the structure surface [15]) will
be produced in the target due to the single-ion impact. Since the
transferred energy onto the target structure is very high, we have used
very low ion fluences for such artificial modification purpose (not more
than 1011 ion/cm2).

Inasmuch as during SHI exposure the energy is mainly transferred
to the electronic sub-system near the surface of 𝑆𝑖-based structure, it
induces different secondary processes of excitations, which result in
specific modifications of 𝑒𝑝𝑖 − 𝑆𝑖 and 𝛿-layers at the top of 𝑆𝑖2𝑒𝑝𝑖/𝛿-
𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏 structure. Moreover, as was mentioned above, the
main process of slowing down SHI in matter occurs by electronic
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Fig. 5. The examples of 𝑀𝑅(𝐵) curves of the studied structure after SHI irradiation with fluences 𝐷 = 0 (a), 1 ⋅ 108 (b), 1 ⋅ 1010 (c) and 5 ⋅ 1010 (d) ion/cm2 measured at
temperatures 𝑇 : 300 K (1); 200 K (2); 150 K (3); 100 K (4); 50 K (5); 25 K (6); 10 K (7); 5 K (8); 2 K (9).
excitation and ionization processes which provide heating of the lattice
subsystem [13]. Thereby, so far as the typical electron stopping of swift
heavy ions in most solids is on the order of a few keV per nm, the
temperature of the heated lattice can exceed a threshold temperature
of defects annealing. Therefore, the decrease of low temperature sheet
resistance for 𝐷 = 1 ⋅ 108 ion/cm2 (compare 𝑅𝑆𝑞(𝑇 ) curves 1 and
2 in Fig. 3) can be attributed to the annealing of 𝛿-layer during the
second dose of SHI irradiation. This shift to the lower 𝑅𝑆𝑞 values gives
minimum on 𝑅𝑆𝑞(𝐷) curves 1 and 2 in Fig. 4 at the initial stage of
SHI irradiation of the studied structure 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏. With
a further increase of fluence we observe the growth of 𝑅𝑆𝑞(𝐷) (see,
curves 1 and 2 in Fig. 4) at 𝐷 > 1 ⋅ 109 due to probably strong
disordering or even amorphization of the epitaxial 𝑆𝑖 layers and the
𝛿-layer. Note, that monotonous growth of 𝑅𝑆𝑞(𝐷) at room temperature
(curves 3 in Fig. 4) probably reflects the accumulation of defects in
the depth of 𝑆𝑖 substrate due to domination of the 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑡𝑜𝑝𝑝𝑖𝑛𝑔
mechanism at the bottom of latent tracks.

Let us secondly analyze the modification of temperature and mag-
netic field dependencies of carrier transport properties in 𝛿-layer under
impact of SHI irradiation of the 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏 structure.
We shall connect the changes in 𝑀𝑅(𝑇 , 𝐵) behavior with the influence
of damages accumulation on mechanisms of electron scattering.

Below, we present the analysis of 𝑀𝑅(𝑇 , 𝐵) and 𝑅𝑆𝑞(𝑇 ) dependen-
cies using their fitting on the base of the above-mentioned theory of
2D interference quantum corrections to Drude conductivity [10–12].
Fitting of 𝑅𝑆𝑞(𝑇 ) dependencies was carried out using the relation
(

ℏ
𝜏𝜑

)

= 𝑘𝑇 ⋅ 𝐺0 ⋅ 𝑅𝑆𝑞 ⋅ 𝐿𝑛
(

1
𝜋𝐺0𝑅𝑆𝑞

)

(4)

taken from paper [10], which is used in the QCs theory when describing
phase breaking under conditions of weak localization without taking
into account the electron–electron interaction. Here, the phase breaking
time 𝜏𝜑, according to [25], is described by a power-law temperature
dependence of the type

𝜏 (𝑇 ) ∼ 𝑇 −𝑝 (5)
5

𝜑

where the exponent 𝑝 depends on the carrier scattering mechanism and
varies from 1 to 2. The quantum of resistance 𝐺0 in formula (4) is
determined by the relation

𝐺0 =
𝑒2

2𝜋2ℏ
= 1.23 ⋅ 10−5Ω−1 (6)

where 𝑒 is charge of electron and ℏ – normalized Planck constant.
Fitting of 𝑀𝑅(𝐵) curves by Eq. (1) was carried out with the only

two adjustable parameters 𝐵𝑖 and 𝐵𝑒𝑒 in the temperature range of 2–25
K and at magnetic fields lower than 1 𝑇 where NMR was prevailed. The
algorithm for the estimation of diffusion coefficients 𝐷𝑑𝑖𝑓𝑓 for drifting
electrons in (3), based on the experimental values of conductivity, uses
the approach of the work [26] and was described in our paper [27].

The results of fitting procedures by Eqs. (1)–(6) are presented in
Table 1 and in Fig. 6. Upper indices 𝐵 and 𝑇 in the values of 𝜏𝜑 and 𝑝
in Table 1 correspond to their values estimated from fitting by Eqs. (1)
and (4), respectively. Parameter 𝑝 was estimated by slopes of linear
approximation of 𝜏𝜑(𝑇 ) dependencies in double logarithmic scale in
accordance with Eq. (5).

Note the main features of data presented in Table 1 and Fig. 6. We
can see that the 𝜏𝐵𝜑 (𝑇 ) and 𝜏𝑇𝜑 (𝑇 ) dependencies correlate between each
other, although always 𝜏𝐵𝜑 (𝑇 ) is slightly smaller than 𝜏𝑇𝜑 (𝑇 ). Note also
that both dependencies give values 0.95 ≤ 𝑝 ≤ 1.11 that is close to
theoretical value 𝑝 ≈ 1 for quantum corrections theory [10–12,25].
We should mention as well that in our case 𝜏𝑒𝑒 ≪ 𝜏𝜑, i.e. taking
into account of electron–electron scattering renders weak influence on
carrier transport as compared with phase breaking of electron wave
functions due to scattering by weakly-localized defect centers in 𝛿-layer
induced by SHI.

5. Conclusion

Electron transport in 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏 structure with 𝑆𝑏 𝛿-
layer grown by MBE was studied in detail at temperatures 2 < 𝑇 < 300
K and in magnetic fields with induction 𝐵 up to 8 𝑇 before and after SHI
irradiation by 167 MeV 𝑋𝑒+26 ions with ion fluences 1 ⋅ 108 ion/cm2 ≤
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Table 1
Characteristic parameters of quantum corrections to the sheet conductivity of the 𝛿-layer after exposures by different SHI
fluences estimated for 𝑇 = 10 K.
Number 𝐹 𝑙𝑢𝑒𝑛𝑐𝑒𝑠, 𝐷𝑑𝑖𝑓𝑓 , 𝜏𝐵𝜑 (𝑇 ), 𝜏𝑇𝜑 (𝑇 ), 𝜏𝑒𝑒𝜏 , 𝑝𝐵 𝑝𝑇 𝐿𝑇ℎ,

ion/cm2 103 m2/s 10−12 s 10−13 s 10−14 nm

1 0 3.76 3.48 7.24 1.15±0.07 1.11 1.03 10.25
2 1 ⋅ 108 4.03 3.69 7.13 1.61±0.12 0.90 1.02 14.08
3 1 ⋅ 109 3.68 – 7.18 – – 1.02 –
4 1 ⋅ 1010 3.54 3.95 7.44 1.50±0.15 1.04 1.06 8.53
5 5 ⋅ 1010 3.21 3.83 7.81 5.19±0.11 0.95 1.09 5.17
Fig. 6. Temperature dependencies of 𝜏𝐵𝜑 (𝑇 ) (straight lines) and 𝜏𝑇𝜑 (𝑇 ) (dots) for
different SHI fluences 𝐷, ion/cm2: 1–0, 2–1 ⋅ 108, 3–1 ⋅ 109, 4–1 ⋅ 1010, 5–5 ⋅ 1010.
Lines were estimated from fitting by Eq. (4). Dots positions were determined from
fitting by Eq. (1).

𝐷 ≤ 5 ⋅ 1010 ion/cm2. As it was shown for 𝑆𝑖2𝑒𝑝𝑖/𝛿-𝑙𝑎𝑦𝑒𝑟/𝑆𝑖1 𝑒𝑝𝑖/𝑆𝑖𝑠𝑢𝑏
structures, when measuring at temperatures below 150 K, the changes
in its sheet resistivity 𝑅𝑆𝑞(𝐷) with 𝐷 growth is determined by electron
stopping mechanism and reflects the competition between formation
and annealing of defects induced by SHI irradiation at the near-surface
region of the structure. At room temperatures the monotonous 𝑅𝑆𝑞(𝐷)
dependence was obtained that reflects the influence of nuclear stopping
mechanism at the bottom of latent tracks formed in the depth of 𝑆𝑖
substrate which dominates over electron stopping.

It was shown that the low-temperature carrier transport in 𝛿-layer
is described by the theory of two-dimensional quantum corrections
to Drude conductivity due to interference of electrons moving by
self-crossing routes inside of 𝛿-layer. 𝑅𝑆𝑞(𝑇 , 𝐵) dependencies for 𝛿-
layer show prevailing of phase breaking of interfering electrons due
to their scattering on weakly-localized defect centers induced by SHI
irradiation.
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