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Critical behavior of the insulator-to-metal transition in Te-hyperdoped Si
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Hyperdoping Si with chalcogens is a topic of great interest due to the strong sub-band-gap absorption exhibited
by the resulting material, which can be exploited to develop broadband room-temperature infrared photodetectors
using fully Si-compatible technology. Here, we report on the critical behavior of the impurity-driven insulator-to-
metal transition in Te-hyperdoped Si layers fabricated via ion implantation followed by nanosecond pulsed-laser
melting. Electrical transport measurements reveal an insulator-to-metal transition, which is also confirmed and
understood by density functional theory calculations. We demonstrate that the metallic phase is governed by a
power-law dependence of the conductivity at temperatures below 25 K, whereas the conductivity in the insulating
phase is well described by a variable-range hopping mechanism with a Coulomb gap at temperatures in the range
of 2-50 K. These results show that the electron wave function in the vicinity of the transition is strongly affected

by the disorder and the electron-electron interaction.
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I. INTRODUCTION

The insulator-to-metal transition (IMT) in doped semi-
conductors is a prototypical example for a quantum phase
transition and has been explored in many different systems, to
a large fraction in Si doped with shallow donors or acceptors.
Generally, the IMT may be controlled by an external parame-
ter x which is experimentally accessible by impurity concen-
tration (N), electric (E) or magnetic (B) field, or uniaxial stress
(S) [1-6]. In current understanding, the IMT is driven by both
disorder and interaction, thus being a mixed Anderson-Mott-
Hubbard type of transition. In the simple model introduced
by Mott [7], a criterion is derived relating the effective Bohr
radius (ay) of an isolated impurity with the critical density
of impurities (n.;) at the transition, given by aHnir/if ~ 0.25.
Experimentally, the impurity-mediated IMT has been studied
extensively for shallow-level impurities (such as B, P, As, and
Sb) in heavily doped Si [5,8,9], where the critical transition
concentration is below the solubility limit [10,11] and in the
order of 10'® cm™3 [12].

There are very few and relatively recent experimental
studies of the IMT with deep-level impurities, such as chalco-
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gens (S, Se, and Te) in Si [13-16]. According to Mott’s
theory the IMT is expected to occur at much higher concen-
trations (ngie >> 10'® cm™3) than for shallow donors, since
electrons are much more tightly bound with a significantly re-
duced radius. In previous work chalcogen-hyperdoped Si with
nonequilibrium concentrations was prepared using ion im-
plantation followed by pulsed laser melting (PLM) [13,14,17].
In those studies, the transition from insulating to metallic
conduction was identified with impurity concentrations ex-
ceeding 10?° cm~3, which is four orders of magnitude larger
than their equilibrium solubility limit of about 10'® cm~—3
[11]. Moreover, the nature of the IMT was explored by both
experimental and computational approaches, where the IMT
was owing to the delocalization of donor electrons above
a critical donor concentration (ngj) [1], which results in
the formation of an intermediate band (IB) [14,18] and the
merging of the broadened IB with the conduction band. A
more systematic study on the conduction mechanism in the
insulating and metallic phases and in the critical regime of the
transition is however still lacking.

In the present work, we employ experimental and com-
putational methods to identify the impurity-induced IMT in
Si hyperdoped with Te and explore the critical behavior
near the transition. We analyze the temperature-dependent
conductivity of the Te-hyperdoped Si samples, which cover
both sides of the insulator-to-metal transition. We find a
power-law dependence in metallic samples and a variable
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TABLE I. Sample description and notations used in the text. For the experimental samples, the depth distribution of tellurium is calculated
using the SRIM code [25] and verified by RBS measurements [17]. For the doped layer, a thickness of 120 nm and a nominal tellurium peak
concentration are obtained. The carrier concentrations are calculated from Hall measurements by taking an effective thickness of 120 nm.

Computation Experimental samples
Tellurium Tellurium Nominal tellurium Nominal tellurium Measured carrier
Sample concentration concentration Sample peak concentration peak concentration concentration at
ID (V) (%) (N) (cm™3) ID (N) (em™?) @) (%) 300K (n) (cm™?)
Te-0.39% 0.39 1.95x10% Te-0.25% 1.25x10% 0.25 2.0x10"
Te-0.92% 0.92 4.80x10% Te-0.50% 2.50x10% 0.50 8.5x10"
Te-1.56% 1.56 7.80x10% Te-1.00% 5.00x10% 1.00 1.7x10%°
Te-1.50% 7.50x10% 1.50 4.4x10%
Te-2.00% 1.00x10%! 2.00 6.0x10%
Te-2.50% 1.25x10% 2.50 8.3x10%

range hopping mechanism with a Coulomb gap in insulating
samples. Combining with the first-principles calculations, this
work provides a consistent picture about the critical Te con-
centration and the conductivity behavior near the IMT.

II. METHODS

A. Computational details

First-principles calculations of electronic structures were
performed by plane-wave pseudopotential techniques within
the framework of density functional theory (DFT) as imple-
mented in QUANTUM ESPRESSO (QE) open-source code [19].
The simulation of hyperdoped silicon was performed by the
supercell method by using ultrasoft pseudopotentials [20-22]
in the separable form introduced by Kleinmann and Bylan-
der [23], generated with a Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. For substitutional single Te
(Tes;) and substitutional Te dimer (Tes;-Tes;), after structural
relaxation we computed the electronic band structure and the
density of states (DOS) by solving the Kohn-Sham equa-
tions. All other computational parameters are the same as in
Ref. [24] to which the interested reader can refer for further
computational details. The Te concentration for both Teg; and
Teg;-Teg; refers to the percent concentration of Te atoms with
respect to the total amount of Si plus Te atoms. At a given
concentration, to simulate Tes; or Teg;-Tes;, the size of the
supercell (i.e., the total number of atomic sites) and/or the
number of Te atoms in the supercell are arranged accordingly
in order to obtain the stated Te concentration.

B. Experimental details

Single-side polished Si (100) wafers (intrinsic, p =
10* Q@ cm) were implanted with Te ions with six different
fluences (as shown in Table I) at room temperature. All Te
concentrations were first calculated using the SRIM code [25]
and then verified by Rutherford backscattering spectrometry
(RBS) measurements (labeled in Fig. 1 and listed in Table I).
A combined implantation at energies of 150 and 50 keV with
a fluence ratio of 2.5:1 was applied for a relatively uniform
distribution of Te in the implantation region. Subsequently,
ion-implanted samples were annealed using a pulsed XeCl ex-
cimer laser (Coherent COMPexPRO201, wavelength 308 nm,
pulse duration 28 ns) in ambient air. A single laser pulse

with an energy density of 1.2 J/cm? was used for processing
samples presented in this work. After PLM, the damaged layer
is recovered and its crystalline quality is comparable to that of
the virgin Si wafer [17]. Single-crystalline epitaxial regrowth
of the Te-hyperdoped Si has also been confirmed by high-
resolution transmission electron microscopy. Moreover, Te is
found to be evenly distributed within the top 120 nm of the Si
wafer without the formation of extended defects, secondary
phases, or cellular breakdown [17]. During the annealing
process, the whole amorphous implanted region was molten
and then recrystallized with a solidification speed in the order
of 10 m/s while cooling down [26]. This condition allows for
Te concentrations beyond the solid solubility limit of Te in Si
while preserving the epitaxial single-crystal growth.

The electrical properties of Te-hyperdoped Si samples
were examined using a commercial Lakeshore Hall System
(9700A) in van der Pauw geometry [29]. Samples were mea-
sured in the temperature range from 2 to 300 K and a magnetic
field perpendicular to the sample plane swept from —5to 5 T.
Prior to the electrical measurements, the native SiO, layer was
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FIG. 1. RBS random spectra (symbols) and the fit (lines) to the
RBS random spectra using the SIMNRA code [27,28] of PLM-treated
Te-hyperdoped Si samples. The inset shows the Te signal for all
samples where the sample names refer to the peak Te concentration.
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FIG. 2. Ab initio calculations of the electronic band structure (along high-symmetry directions of the cubic Brillouin zone) and the
corresponding electronic density of states (DOS) for single Te substitutional (Tes;) dopants (a) and substitutional Te dimers (Tes;-Tesg;) (c)
in Te-hyperdoped Si at Te concentration of x = 0.39%. (b) Zoom out of the selected area in (a). (d) Zoom out of the selected area in (c).

removed by HF etching. Subsequently, gold electrodes were
sputtered onto the four corners of the squarelike samples to
ensure Ohmic contact [30]. Silver glue was used to contact
the wires to the gold electrodes. The carrier concentrations
of Te-hyperdoped Si samples obtained from the Hall effect
measurements are listed in Table I, where the electrical acti-
vation efficiency of 10-40% can be deduced. In our previous
work, we have found that there is a considerable amount of
interstitial Te in samples with low doping concentrations. This
explains the lower activation fraction for samples Te-0.25%,
Te-0.5%, and Te-1.0%. However, with increasing impurity
concentration, Te dopants tend to form substitutional dimers
at the expense of interstitials, which provide free electrons
leading to higher activation fraction.

III. RESULTS
A. Band structure and DOS

In the band-structure and density-of-states (DOS) calcu-
lations of Te-hyperdoped Si we considered the Te substitu-
tional impurities, namely substitutional single Te (Teg;) and
substitutional Te dimers (Teg;-Tes;), which represent the large
majority of defect type present in hyperdoped Si. At the Te
concentrations considered in the present study, the interstitial
Te impurities exhibit a significantly higher formation energy
[24]. Particularly, according to the previous study in Ref. [24],
Tegsi-Tes; has the lowest formation energy among all types
of defects considered and becomes the dominant configu-
ration as effective donors with increasing Te concentration,
especially in the metallic regime [24]. The computed elec-
tronic DOS and the electronic band structure for Teg; and
Tegi-Tes; in Te-hyperdoped Si at three different Te doping
concentrations (x = 0.39%, 0.92%, and 1.56%) are displayed

in Figs. 2 and 3. The doping concentration range was chosen
to basically cover the transition from the insulating to the
metallic regime. In this section (Sec. Il A) we present the
first-principles simulations of electronic states, and in the next
section (Sec. III B) the electrical conductivity measurements.
The random distribution of dopants lifts the translational
invariant symmetry, thus for a direct comparison of simulated
electronic states with experimental data the DOS becomes
the relevant quantity rather than the band structure. However,
it can be convenient to study the evolution of the electronic
states produced by doping, looking to the modification of the
IB in the band structure obtained by the supercell method.
The calculated band structure and the DOS of Te-
hyperdoped Si shown in Figs. 2 and 3 demonstrate the mod-
ification of the electronic properties and, in particular, the
evolution of the IB which at low concentration is in the indi-
rect band gap originating from the conduction-band minimum
(CBM) and the valence-band maximum (VBM) of pure Si. As
the concentration of Te is increased, the local CBM located
at the I" point is pushed downward due to the interactions
between Te and Si. As displayed in Figs. 2(a) and 2(b), for
Teg; single impurities at x = 0.39%, the IB is very close to the
bottom of the conduction band, thus forming a semimetallic
system with a very small or vanishing gap. Since IMT is
usually associated with the merging of the impurity band with
the conduction band [14], the computed DOS denotes that for
a system composed only of Teg; single impurities, the value
x = 0.39% is very close to the critical concentration at which
the IMT occurs. At variance, as displayed in Figs. 2(c) and
2(d), for Si doped with Teg; dimers at x = 0.39%, the IB is
still separated from the CBM (by approximately 0.04 eV).
The small gap between the CBM and the completely filled
IB leads to a vanishing contribution to the conduction at
lowest temperatures, since there are no nearby empty states.
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FIG. 3. Ab initio calculations of the electronic band structure (along high-symmetry directions of the cubic Brillouin zone) and the
corresponding electronic density of states (DOS) for single Te substitutional (Tes;) dopants (a), (c) and substitutional Te dimers (Teg;-Tes;) (b),
(d) in Te-hyperdoped Si at different Te concentrations. (a) and (b), x = 0.92% (top panel), (c), (d), x = 1.56% (bottom panel). The DOS for
x = 1.56% form Ref. [24] is shown for completeness. The zero of the energy scales (red dotted line) corresponds to the Fermi energy. Notice
that the band structure is computed only along some high-symmetry directions (and thus only some electronic states are displayed), while the
DOS is computed over the whole Brillouin zone (and thus all electronic states are displayed).

Therefore, at this concentration Te-dimer-hyperdoped Si is
in the insulating state and exhibits only thermally activated
conductivity, being qualitatively consistent with previous ex-
perimental investigations [17,31,32].

At the concentration of x = 0.39%, the IBs corresponding
to Tes; and Teg;-Tes; are relatively flat. As the Te concen-
tration increases, the impurity band is getting broader [see
Figs. 3(a)-3(d)], which indicates the increased delocalization
of the impurity states. This is due to the decreased spacing
between impurities, which results in the increased disper-
sion and interactions between neighboring Te impurities [17].
Particularly, as shown in Figs. 3(a) and 3(b), at the doping
concentration x = 0.92%, the IB is widened and tends to
partially overlap with the CB. This band overlap produces
the full hybridization of the higher-energy IB with the lower-
energy conduction states. At the same time the Fermi level
is no longer located in the region of the forbidden energy
as for the insulating state, but gradually enters into the CB,
producing a metallic state. Thus, the low-lying conduction-
band-like states are available for the charge transport without
thermal activation, implying the occurrence of the IMT upon
doping. At Te concentrations of 1.56%, the IB is further
widened to about 0.52 eV for Teg; and 0.40 eV for Teg;-Teg;
in Te-hyperdoped Si, respectively [see Figs. 3(c) and 3(d)].
Particularly, for the Teg;-Teg; case there is a strong hybridiza-
tion of IB with states originating from Si valence bands [more
details can be found in Fig. 4(c) in Ref. [24]]. In Fig. 3,
the intersection of Fermi energy level with the conduction
band is a fingerprint of the overlap of higher-energy IB with
lower-energy Si conduction bands, as evidenced by looking at
the DOS (while this is less evident by looking at the electronic
bands that are displayed along two high-symmetry directions.
They only account partially for the electronic structure of the
whole Brillouin zone. The latter information is contained in
the DOS). The band structures and DOS analysis demonstrate
the delocalization of the impurity states and the eventual
merging of the IB and the CB as the doping concentration
increases.

As displayed in Figs. 3(a)-3(d), the Fermi level is located
in the CB for both systems at Te doping concentration of
0.92% and 1.56%, which corresponds to the metallic state and
is consistent with transport measurement results (see Fig. 4).
However, for the case of Teg;-Tes; at x = 0.92%, the Fermi
energy is located very close to the bottom of the conduction
band, suggesting that this value of the concentration is only
slightly higher than the critical concentration of IMT, ng;,
predicted for Teg;-hyperdoped Si. From our first-principles
calculation data and considering the ideal case in which only
one type of defect is present in hyperdoped Si, we can argue
that the IMT for isolated Tes; system occurs at a lower Te
concentration than that for Teg;-Teg; dimer. In particular, by
the comparison between the electronic states obtained by first-
principles data and the experimental conductivity presented in
Sec. III B, within the approximations used, our first-principles
results for Teg;-Tes; dimer are in agreement with experimental
data qualitatively, thus suggesting that very probably the
Tes;-Tes; plays a fundamental role as the driving force of IMT.

B. Temperature dependence of the conductivity

It is known that the real difference between insulators and
metals is revealed only at zero temperature. The metallic state
is defined by exhibiting finite conductivity as the temperature
(T) approaches zero, whereas insulators exhibit vanishing con-
ductivity as T approaches zero. The temperature-dependent
conductivity is shown in Fig. 4(a). The sample with the lowest
Te concentration (Te-0.25%) clearly tends towards vanishing
conductivity; the same is concluded for Te-0.50%, although
measurements at lower temperature would be desirable to
make it clearer. Samples with the highest Te concentrations
(Te-2.0% and Te-2.5%) exhibit a much higher conductivity
which is also insensitive to temperature down to 2 K. Note
that their conductivities are comparable to that of shallow-
impurity-doped Si with just-metallic concentrations [5] and
higher than those of metallic Si doped with S and Se [13,14].
Therefore, these two samples are metallic, whereas samples
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FIG. 4. Electrical properties for PLM-treated Te-hyperdoped Si
samples with different Te concentrations. (a) The temperature-
dependent conductivity of the Te-hyperdoped Si samples. (b) Carrier
concentration measured at 2 K vs that at 300 K. The dashed line
shows the metallic behavior. Samples with Te concentration higher
than 1.0% show metallic behavior, while sample Te-0.25% and
sample Te-0.50% exhibit carrier freeze-out and behave as insulators.

Te-0.25% and Te-0.50% are insulating. The samples Te-1.0%
and Te-1.5% lie near the critical regime of IMT which will be
analyzed further in the following.

Figure 4(b) displays a rigorous experimental evidence of
an IMT in the PLM-treated Te-hyperdoped Si samples, which
exhibit peak Te concentrations (V) from 1.25x 10 ecm3 to
1.25%10%' cm—3 and carrier concentration (n) from 2.0x 10'°
to 8.3x10% cm™3 at 300 K. We compare the carrier con-
centrations measured at 2 and 300 K, which are calculated
by taking an effective thickness of 120 nm. For sample Te-
0.25% and sample Te-0.50%, the carrier concentration at 2 K
is substantially lower than that at 300 K, a clear evidence
for electrical freeze-out, i.e., the donor electrons return into
the localized ground states from thermally excited states as
the temperature decreases. However, samples with Te peak
concentration higher than 5.7x10% cm™3 (Te-1.0%) exhibit
temperature-independent carrier concentrations. Here, sample
Te-1.0% (n = 1.7x10%° cm™3) seems to be right at the border,
suggesting that Te-1.5% is already metallic. The critical Te

concentration for IMT is slightly higher than the value cal-
culated by first-principles calculations shown in Sec. IIT A.
This can be understood by the fact that the samples con-
tain defects and some Te impurities are not in substitutional
positions.

IV. DISCUSSION
A. Critical impurity concentration of IMT

We first discuss the critical impurity concentration of IMT
obtained from the transport experiments and the Mott theo-
retical calculation outcome compared to the first-principles
computational results. As confirmed in Fig. 4, samples Te-
1.5% and in particular Te-1.0% appear to be in the transition
regime. Their carrier concentrations are 4.4x10%° cm™ and
2x10%° ¢cm™3, respectively, which corresponds to an activa-
tion efficiency around 20-30%. In addition, as Mott originally
derived, the IMT in the group-IV semiconductors can be
estimated as

nBay =025, (1)

crit

where ay is the effective Bohr radius of the donor electrons
[1,33]:
2

e
ag

" 8mwepe,E’ @)
where E is the binding (or activation) energy of the localized
states, and ¢y and ¢, are the permittivity of free space and
the high-frequency dielectric constant, respectively. Thus, by
taking into account the binding energy as 199 meV [31,34],
the isotropic Bohr radius is calculated as 3.1 A and the critical
carrier concentration of Te-hyperdoped Si is approximately
Herit = 5.24%x 102 cm~3. However, in the Mott criterion, the
ay of an isolated center is defined as an appropriate radius
associated with a realistic wave function for the localized state
in the low-electron-density regime. In this case, the broaden-
ing of the electron wave function increases with the doping
concentration. Therefore, the critical carrier concentration
obtained from the experimental data (between 1.7 x 10%° cm 3
and 4.4x10%° cm™3, see the conclusion from Fig. 4) is ac-
tually lower than that from the value computed by the Mott
criterion.

B. Critical behavior of temperature-dependent transport

In this section, the underlying physics behind the electri-
cal properties of all the Te-hyperdoped Si samples will be
explored by modeling the experimental data.

1. Metallic samples

The conductivity in the metallic phase can be modeled to
the form [35]

o(T) =0y +mT* 3)

where oy represents the zero-Kelvin conductivity, m is a
constant, and the temperature exponent s is related to the
scattering mechanism in the metallic phase. Electron-electron
interactions in disordered systems lead to the lowest-order
correction mT /2 to oy [5,36], therefore we fixed the temper-
ature exponent s as 1/2 in the modeling. As Mott originally

085204-5



MAO WANG et al.

PHYSICAL REVIEW B 102, 085204 (2020)

proposed, a minimum metallic conductivity (o) at 7 = 0K
can be defined as [37]

Ce?
= — 4
oy nd.’ 4

where the numerical coefficient C ~ 0.12 is for n-Si [38]
and d, is the average spacing between impurity atoms at
the critical concentration (n.). Here oy with the value of
247(Q2 cm)~! is obtained by using d, = (nei)~"/3. Figure 5(a)
shows the plot o (conductivity) vs 7''/2 for samples with high
Te concentration N. The relationship o (T) = o¢ + mT /2 is
approximately obeyed between 2 and 25 K, furthermore,
the overall T dependence for the samples with different Te
concentrations N makes the extrapolation to 7 = 0 rather
unambiguous. Samples with high Te concentrations exhibit
oy > oy, indicative of the metallic phase and consistent with
the Mott picture. Figure 5(b) displays the extrapolated o as
a function of carrier concentration n. The critical behaviour
is highly suggested by the sharpness of the transition, which
is remarkable and is qualitatively close to the discontinuity
predicted by Mott [37]. The fitting of the Eq. (3) yields
oo(n, 0) = oy (nlc — 1)* with oy = 985 (Q cm)~! (almost four
times of ay), n. = 1.54x10?° cm~3 and the critical conduc-
tivity exponent u = 0.48 £ 0.07.

Figure 5(c) shows temperature correction (m) [extrapolated
from Fig. 5(a)] plotted against carrier concentration n for
samples with carrier concentration in the range of 1.1 <
n/n. < 5.4. As being well established, two classical models
were proposed for the explanation of m (the correction to oy):
the scaling theory of localization [2,39] and the Coulomb in-
teraction with electron-electron scattering [40—42]. The latter
is valid for kgl > 1 [5]. Here kg is the Fermi wave vector

given by [43]
3 2 1/3
k= (in) , 5)

where g =6 is the number of equivalent minima in the
conduction band of Si; / is the mean free path, which scales as

2
= o ©6)
4 e2k:

As shown in Fig. 5(c), a positive value of m term is
produced for insulating samples. This would be consistent
with the scaling theory of localization extended to include in-
elastic scattering but neglecting Coulomb interactions [2,39].
Also, here krpl is no longer significantly greater than 1. m
does not significantly change in the critical transition regime
(n/n. =~ 1.1 —2.9), while towards larger n, m changes the
sign from positive to negative for samples with n/n, > 2.9.
This is in agreement with the reported work (P or As doped
Si) [5,44,45], resulting from the Coulomb interactions with
electron-electron scattering in the presence of random impu-
rities. However, one has to note that the lowest measurement
temperature is 2 K in our case, which is much higher than
some mK used in other cases. The lack of the data at mK
temperatures and the detailed variation of Te concentration
around 1.0% could result in errors in both »n. and m.
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FIG. 5. Analysis of temperature-dependent transport properties
for metallic samples. (a) Electrical conductivity o vs T~/? for Te-
hyperdoped Si samples with high Te concentration N. (b) Extrapo-
lated conductivity oy as a function of carrier concentration n. The oy
data were fitted by oy(n, 0) = oy (% — D" with u = 0.48 +0.07,
ne = 1.54x10%° cm~3. (c) Coefficient m of the T dependence of o vs
carrier concentration.

2. Insulating samples

The electrical conductance in the insulating phase at low
temperature can be achieved by hopping through the localized
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deep levels [46]. The conductivity scales as

o(T) = o — Q ’
= 0pexp T . 7

The prefactor oy and the characteristic temperature 7, are
related to material parameters by different relationships for
each value of p. The exponent p depends on the temperature
and the shape of the density of the states (DOS) near the Fermi
level. In detail, p = 1/4, 1/3, 1/2, or 1 corresponds to Mott-
law variable-range hopping for 3D and 2D systems, the Efros-
Shklovskii-type variable-range hopping (a Coulomb gap in
the DOS), and the nearest-neighbor hopping, respectively
[46]. To explicitly describe the temperature dependence of
the conductivity and determine the value of p, Zabrodskii and
Zinovevawas [47] introduced the reduced activation energy W

defined as
_ din(o) _ Z d_o
W= din(T) <a>dT’ ®

which enables us to determine which charge transport mech-
anism is mostly dominant among metallic, insulating, and
the boundary of the IMT. Therefore, for the materials in the
insulating phase, inserting Eq. (7) into Eq. (8) gives

W =p(=) - ©)

As shown in Fig. 6(a), the data are replotted as W(T) =
din(o)

Jin(r) Versus temperature on a log-log scale. For conductivity
described as in Eq. (9), the slope of logW versus logT yields
the value of p = 0.45 £ 0.04 in the temperature range of
T < 50 K. By this analysis, the values are very close to
p = 1/2, which corresponds to the conduction of the Efros-
Shklovskii-type variable-range hopping (ES law) [46]. This
is the case where the impurity levels are deep enough and in
turn the Coulomb gap is fairly large and has a certain vicinity
of the Fermi level. The experimental results here indicate that
the Coulomb gap is symmetric with respect to the Fermi level
in the IB. This is consistent with the DFT calculation results
considering the fact that Teg; and Teg;-Teg; coexist in sample
Te-0.25% [24].

Figure 6(b) displays the conductivity of semi-insulating
samples as the function of T~!/2. As the doping concentration
approaches n., a sharp increase of conductivity is observed in
the samples with small difference of impurity concentration.
The fitting of variable-range hopping conductivity of insulat-
ing samples is presented in Fig. 6(b) as the solid lines. The
fitting parameter p = 1/2 provides a reasonable fit with an
average relative mean square error of 1.2% and the fitting
range is restricted to 7 < 50 K. According to the law of Efros
and Shklovskii [2], the characteristic parameter 7p [in Eq. (7)]
is related to fundamental material properties:

Cé?

= 10
P dmege kg€ (10)

where e is the electron charge, ¢ is the material permittivity, kg
is the Boltzmann constant, £ is the electron correlation length,
and C = 2.8 is a numerical coefficient [2,48,49]. Tp can be
obtained from the data fitting using Eq. (7): Tp =548 K
(47 meV) for sample Te-0.25% and Tp = 180 K (16 meV)

(@)0.45- O Te-0.25%
Linear Fit
0.30
=3
= 0.154
It Ba a
0.00- :
=
o
a
0.5
02 04 06 08 10 12 14 16
Log (T/K)
(b) »|04§
] Te-2.0% Te-1.5%
- 3] ’ ’ ]
< 1075 WAVV'GVWWW
G | oo oo ooco® |
S 1% @oooooan. Te10% 3
2 ~90C00000c0ecae ]
S 10y Rmg Te-0.50% 1
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-8 100_ hnnﬂn—._, d
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FIG. 6. Analysis of temperature-dependent transport properties
for semi-insulating samples. (a) W(T) versus T on a log scale. The
green solid line shows p = 0.45 £ 0.04. (b) Conductivity of the Te-
hyperdoped Si samples as a function of T~'/2. The solid lines are fits
of the experimental data by Eq. (7) with p = 1/2.

for sample Te-0.50%. Knowing Tp, the material permittivity
[50], and using Eq. (10), the electron correlation length &
can be computed. The electron correlation length £ increases
from 7 nm in sample Te-0.25% to 22 nm in sample Te-
0.50%. & increases as the Te doping concentration increases.
This indicates that the dopant concentration approaches the
critical transition concentration of the IMT [49,50]. This is
also corroborated in our DFT calculations.

V. CONCLUSION

In conclusion, we have investigated the transport properties
of Te-hyperdoped Si samples prepared by ion implantation
followed by nanosecond pulsed-laser melting. An insulator-
to-metal transition driven by increasing Te concentration is
confirmed and illustrates an agreement with the DFT com-
putational results as well as with Mott’s theoretical picture.
By performing the physical modeling for the temperature-
dependent transport data, we have demonstrated that at
sufficiently low temperatures the metallic samples show a
power-law dependence whereas the insulating samples reveal
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a variable-range-hopping-type conduction with a Coulomb
gap at the Fermi level. These experimental findings have
allowed us to identify the critical behavior near the IMT in
Te-hyperdoped Si and have confirmed the effect of disorder
and electron-electron interactions induced by Te dopants on
the electron wave functions.
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