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ABSTRACT

Noble-gas implantation was used to introduce defects in n-type degenerate ScN thin films to tailor their transport properties. The electrical
resistivity increased significantly with the damage levels created, while the electron mobility decreased regardless of the nature of the ion
implanted and their doses. However, the transport property characterizations showed that two types of defects were formed during implan-
tation, named point-like and complex-like defects depending on their temperature stability. The point-like defects changed the electrical
conduction mode from metallic-like to semiconducting behavior. In the low temperature range, where both groups of defects were present,
the dominant operative conduction mechanism was the variable range hopping conduction mode. Beyond a temperature of about 400 K,
the point-like defects started to recover with an activation energy of 90 meV resulting in a decrease in resistivity, independent of the incident
ion. The complex-like defects were, therefore, the only remaining group of defects after annealing above 700 K. These latter, thermally stable
at least up to 750 K, introduced deep acceptor levels in the bandgap resulting in an increase in the electrical resistivity with higher carrier
scattering while keeping the metallic-like behavior of the sample. The generation of both types of defects, as determined by resistivity mea-
surements, appeared to occur through a similar mechanism within a single collision cascade.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0137428

I. INTRODUCTION

Ion beam technology is of interest in various areas of mate-
rials science and engineering. In particular, the ion implantation
technique is used for selective carrier control (doping) in semi-
conductors. However, the interactions between the incident ion
and the target atoms generate high concentrations of point
defects, which can develop into different forms depending on
the implantation conditions. The as-produced defects or disor-
ders can change the physical material properties and, thus, be
favorable or detrimental depending on the applications sought.
Determining the correlation between the irradiation-induced
defects and the physical properties of materials is, therefore, an
important topic along with fundamental studies of defects.

Rock salt structured scandium nitride (ScN) is a narrow indi-
rect bandgap semiconductor that has attracted attention for many

applications in different domains.1,2 ScN also interests the scientific
community studying thermoelectric (TE) materials as it exhibits a
large power factor of 2–4 × 10−3 Wm−1 K−2 at 800 K.3–5 However,
the main disadvantage of ScN for TE applications is its relatively
high thermal conductivity in the range of 10–20Wm−1 K−1 at
room temperature (RT).4,6–10 Calculations have shown that the
introduction of defects could improve its thermoelectric proper-
ties.11 Ion implantation has proven to reduce the thermal conduc-
tivity and improve the TE figure of merit of ScN films.12–14 In all
cases, the implanted ScN samples exhibited a reduced thermal con-
ductivity, highlighting the role of irradiation-implanted defects in
phonon scattering. However, depending on the nature of the inci-
dent ion, few differences were observed. Rao et al. reported that
post-implant annealing did not change the thermoelectric proper-
ties of Li+ implanted samples, even though ScN restores its initial
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color. Burcea et al. reported a partial recovery of the thermoelectri-
cal properties with a recovery of the color of the film after anneal-
ing on Ar-implanted samples.12,13 The use of implantation
techniques to optimize the physical properties of ScN films for spe-
cific applications arises the importance of controlling the intro-
duced defects and understanding their evolution upon annealing.

The present study aims to understand the role of defects
induced by ion implantation on the electrical conductivity behavior
of degenerate ScN thin films. Controlling electrical conductivity
is crucial in achieving high power factors and must be closely mon-
itored. This work also extends our previous investigations, on
Ar-implanted ScN,14 by using two noble gases (Ar and He) with
their different capabilities to defect formation. The effects of
as-introduced defects on the electrical properties and the conduc-
tion mode have been investigated in detail, and the damage
build-up has been studied through resistivity measurements.

II. EXPERIMENTAL DETAILS

Epitaxial-like thin films of n-type ScN were deposited using
dc reactive magnetron sputtering in an ultrahigh-vacuum chamber
onto Al2O3 (c-cut) substrates maintained at 800 °C. More details
can be found in a previous work,12 and the deposition system is
described in detail elsewhere.15 The ScN films show a high electron
concentration of about 1021 cm−3 due to the presence of unwanted
impurities such as oxygen incorporated during deposition.

The 240 nm thick films were ion implanted at room tempera-
ture (RT) using the implanter EATON VN3206. The depth profiles
of the implanted ions in the ScN films (density of 4.29 g cm−3)
were calculated using SRIM 2013 software under the full-damage
cascade.16 A multi-energy implantation protocol was used to intro-
duce a constant quantity of damage (called displacements per
atom, noted dpa) along the film thickness. The level of dpa, in the
range 0.8–6 dpa, was controlled by the fluences of incident ions.
As an example, in Fig. 1 is presented the energy profile extracted

from SRIM 2013 for a damage level of 1 dpa with argon ions, using
three decreasing incident energies of 320, 160, and 50 keV with flu-
ences of 7 × 1014, 2 × 1014, and 2 × 1014 ions cm−2, respectively.
With these fluences, the concentration of argon atoms introduced
fluctuates around 0.05 at. %.

In this study, two different noble gases, helium and argon,
were used. With their chemical effects being minimized, their dif-
ference in mass yields different ratios of as-created vacancies (V)
per incident ion (V/Arþ�V/Heþ). Therefore, when irradiating
with argon ions, dense collision cascades are generated, while when
irradiated with helium, only diluted cascades are generated. All the
experiments were conducted on the same set of samples to avoid
any effect of native impurities on the defect trapping or stability.

Two procedures were used for implantation, the created dis-
placement dose (dpa) was delivered either in one shot (single
implantation) or in multiple shots (named cumulative in the fol-
lowing). To clarify the reading, in this paper, three samples were
labeled as follows.

§ First sample labeled “Ar-1dpa” was implanted at 1 dpa (∼0.05
at. %) with argon using three different energies (Fig. 1). The
same sample was then cumulatively implanted at RT. First, it was
implanted up to 3 dpa, labeled “Ar-3dpa-cumul,” by adding 2
dpa. Then, the same sample was implanted using 1 dpa step
process up to a total of 6 dpa, labeled “Ar-6dpa-cumul.”

§ Second sample labeled “He-0.8 dpa” was implanted at 0.8 dpa
(∼1 at. %) with a single implantation. The process involved five
energies 60, 45, 35, 20, and 10 keV with fluences of 1 × 1016, 1 ×
1015, 6 × 1015, 5 × 1015, and 3 × 1015 ions cm−2, respectively.

§ 3rd sample labeled “Ar-cumul” was implanted cumulatively up
to 5 dpa with 1 dpa step. For each step, the implantation process
was the same as the 1 dpa implantation with argon ions
described in Fig. 1.

The macroscopic in-plane resistivity ρ(T) and mobility μ(T)
were measured using the van der Pauw method coupled with the
Hall effect (ECOPIA HMS-5500). Two measurement setups were
used: a low temperature cryostat, from 80 to 350 K, and a high tem-
perature setup, from 300 to 750 K. The temperature increasing rate
was about 3 °C min−1. Hall measurements were performed using a
constant magnetic field of 0.580 T.

III. RESULTS AND DISCUSSION

Figure 2 shows the ρ(T) and μ(T) data obtained for the
as-grown film (reference) and after the argon implantation of 1 dpa
at RT (Ar-1dpa). With increasing temperature, the reference ρ(T)
curve is approximately constant in the range 80–150 K. Above
150 K, the resistivity increases linearly with temperature, which is a
typical trend of a metallic-like behavior for degenerate semiconduc-
tors (�ne ¼ 2:1+ 0:2 � 1021 cm�3). After Ar-1dpa implantation
(Δ meas. 1), the resistivity was significantly higher, and the mobility
was strongly reduced. The electrical resistivity of the implanted
sample decreased continuously, while the electron mobility
increased when the temperature was increased. However, the

FIG. 1. Displacement per atom (dpa) and concentration profiles as a function of
depth calculated using SRIM code for a multi-energy Ar-1dpa implantation.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 055107 (2023); doi: 10.1063/5.0137428 134, 055107-2

© Author(s) 2023

 26 M
arch 2024 08:54:35

https://pubs.aip.org/aip/jap


density of charge carriers remains relatively constant throughout
the entire temperature range, albeit with a lower average value,
indicating trapping of charge carriers. This implies modifications of
the electrical transport property in ScN.

The ρ(T) and μ(T) curves [Figs. 2(a) and 2(b)] could be
divided into three distinct regions. At low temperature from 80 to
400 K (region I), both ρ(T) and μ(T) curves were fully reversible
(illustrated by ↔) where the measurements were repeatable several
times. In region II (400–700 K), both measurements [ρ(T) and μ(T)]
were no longer reversible ( ! ), suggesting the activation of another
carrier transport mechanism. The feature, taking place in region II,
can be related to an irreversible recombination or recovery of some
implantation-induced defects leading to a decrease in resistivity and
an increase in mobility with temperature. The recovery process
appeared to end at a minimum annealing temperature of around
700 K (region 3). Once this temperature reached, all defects that
could in situ recombine were removed, and the reversible metal-like
degenerate semiconductor behavior of ScN was recovered. This
observation was confirmed by the second measurement (▴ meas. 2)
performed on the same sample for which the metallic-like behavior
was fully restored and reversible.

Finally, as for T > T0= 180 K, the resistivity (▴ meas. 2) can be
described by the following equation:

ρ(T) ¼ ρR þ α(T � T0)þ ρD, (1)

with α being the slope, ρR the residual resistivity, and ρD the addi-
tional resistivity induced by the implantation process. The mobility,
on the other hand, can be described according to the Matthiessen

law,

1
μ(T)

¼ 1
μlat(T)

þ 1
μR

þ 1
μD

, (2)

with μlat∼ T−1.5 being the lattice mobility, μR the residual mobility,
and μD the additional mobility induced by implantation. On a
n-type ScN grown by magnetron sputtering on the MgO substrate,
the temperature dependent mobility data were fitted with μlat-
∼ T−1.3.17 In the present study, the μ(T) curve for the reference
sample could not be fitted by considering only lattice mobility and
was fitted according to the Matthiessen law [Eq. (2)] up to 500 K,
yielding a residual mobility value of μR � 25 cm2V�1s�1. Beyond
that temperature, the fitted curve starts to deviate suggesting further
contributions that have not been considered in the present case.
For the Ar-1dpa (meas. 2), the analysis led to an additional term
in the mobility, μD � 9 cm2V�1s�1, while μR and μlat(T) were
kept unchanged. Concerning the resistivity, the additional term
was estimated to be ρD ¼ 7:16� 10�6 Ωm. Both terms
(μD and ρD) are temperature independent and were attributed to
“thermally stable” implanted defects.

After the initial ion implantation, the charge carrier density
decreased from approximately 2.1 × 1021 to 1.1 × 1021 cm−3. This
effect was previously observed with Ar+ at 5 dpa and ascribed to
complex defects acting as traps for free carriers.14 During annealing,
the average carrier concentrations (�ne) remained roughly constant in
the investigated temperature range [Fig. 2(b)]. In the case of Ar-1dpa
implantation, no significant differences in �ne between the first

FIG. 2. (a) ρ(T) of the reference ScN (•) and implanted Ar-1dpa. First (Δ) and second (▴) measurement are consecutive (↔ reversible behavior, → non-reversible behav-
ior measurement). (b) The corresponding μ(T) curves. The red dashed curves are fitted according to the Matthiessen law up to 500 K. All experimental data points were
measured on increasing temperature.
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(�ne ¼ 1:2+ 0:2 � 1021 cm�3) and second measurement (�ne ¼ 1:1
+0:2 � 1021 cm�3) were observed. This observation confirmed that
the metastable defects, which recombined in situ annealing, did not
introduce any deep acceptor levels in the bandgap. However, these
metastable defects affected the electronic transport mode. All
implanted samples, with either helium or argon ions, exhibited the
same behavior after implantation with a change of the conduction
mode at low temperature followed by a partial recombination of the
defects from 400 K and above.

Regarding the implantation at 1 dpa (Ar-1dpa), two types of
defects were generated: (i) complexes of defects, stable at least up to
750 K, affecting the electrical properties of the film by carriers’
trapping (creation of deep acceptors levels) and scattering and
(ii) implanted-induced defects recombining under in situ annealing
from 400 K and onwards. These implanted-induced defects were
seen as point-like defects and act as carrier scattering and not as
traps (no reduction of the carrier concentration). In the case of
Mg+ implantation at a similar damage dose in ScN thin films, a
decrease in ρ(T) was also observed, suggesting a recombination of
defects during the measurement.12 However, as the measurement
was not repeated, it is not possible to confirm whether the defects
remained after recombination as is the case for Ar+ implantation.

Introduced in large quantity, the point-like defects impact the
electrical conduction mode in the low temperature region (I). The
negative temperature coefficient of the resistivity implies a
semiconductor-like behavior described by

ρ(T) ¼ ρ0exp
Et
kBT

� �p� �
, (3)

where ρ0 is the resistivity coefficient, Et the transition energy, and p
a characteristic component (p > 0) defining the mode of electrical
conduction.18 For a transport caused by thermal activation of elec-
trons into the band conduction, p = 1, while for a transport governed
by electron hopping between localized states, p lies between 0 and 1.

Figure 3 displays the dependence of ln(ρ) as a function of T−1/4

[(a) and (b)] and T−1 (c). Figure 3(a) presents a comparison of the
plot of ln(ρ) vs T−1/4 for the sample Ar-1dpa and the cumulative
implanted films Ar-3dpa-cumul and Ar-6dpa-cumul.

All three ln(ρ) vs T−1/4 curves express a similar behavior, i.e.,
a linear region from 80 to 280 K related to the mechanism of elec-
trical conduction mode, and a change of slope around 400 K
marking the beginning of the recombination process. At low tem-
perature (T < 400 K, region I), the band conduction mode, which
predicts an Arrhenius dependence of the resistivity, was not valid
[p = 1 in Eq. (3)], indicating a different conduction mechanism.
However, ln (ρ) can be adequately fitted with Eq. (3) and compo-
nent value of p ¼ 1

4, suggesting a 3D variable range hopping (VRH)
conduction mechanism proposed by Mott and Davis.19 All three ln
(ρ) vs T−1/4 curves were successfully fitted in region I according to
Eq. (3) using p ¼ 1

4. Therefore, it can be stated that the point-like
defects yielded localized states around the Fermi level which were
responsible for the change of conduction mode with a VRH con-
duction mechanism in the low temperature region.

For T > 400 K, the recovery of these point-like defects occurred
and ρ(T) and μ(T) measurements were not reversible. The VRH

conduction mechanism prevailed at low temperature on all
implanted ScN samples with a damage level ranging from 1 to
6 dpa. However, the Mott temperature TM ¼ Et

kB
[slope estimated

from Eq. (3) with p ¼ 1
4] differs between the Ar-1dpa, the

Ar-3dpa-cumul, and Ar-6dpa-cumul. For Ar-1dpa, TM was equal
to 1 K, while for Ar-3dpa, TM increased to 16 K and remained
unchanged for further argon doses (Ar-6dpa) due to the saturation
of electrically active defects as suggested by the cumulative resistiv-
ity (Fig. 5). According to Mott’s model, this suggested a decrease in
the localization parameter Lc ¼ D(EF)γ�3, where 1/γ is the decay
length and D(EF) the density of states at the Fermi level EF. In addi-
tion, Kerdsongpanya et al. reported that the introduction of vacan-
cies or other defects (impurities or dopants) can modify the DOS
by introducing asymmetric peaks or shift the Fermi level in the
electronic band.11 In the present study, defects introduced by noble
gas implantation influence both the DOS and the decay length.

Figure 3(b) displays the ln(ρ) vs T−1/4 data obtained for
Ar-3dpa-cumul. In this case, the measurement was stopped at
600 K and ran again from low temperature to 750 K (see arrows).
The resistivity values of the second measurement are lower than
the initial measurement until reaching the initial stopping point at
600 K. Beyond 600 K, the resistivity continues to decrease until
ρ(T) and μ(T) stabilize. Once again, the low temperature region
was fitted according to Mott’s equation [Eq. (3)] showing different
Mott temperatures between the first and second runs with values of
16 and 1 K, respectively. When the resistivity measurement was
interrupted in region II, the partial recombination of point-like
defects increased the spatial extension of the localized states. The
VRH conduction mode was still prevailing since ln (ρ)/ T�1/4 but
with a lower TM, hence increasing the localization parameter Lc. It
is important to highlight that despite the occurrence of partial
recombination of point-like defects when the temperature slightly
exceeds 400 K (T < 700 K), the conduction mechanism of variable
range hopping (VRH) persists within region I. The only variable in
the description of the conduction mechanism is the Mott tempera-
ture TM. This confirmed that defects’ concentration was directly
linked to the change of Mott temperature.

Figure 3(c) represents the plot of ln(ρ) vs T−1 for Ar-1dpa,
Ar-3dpa-cumul, and Ar-6dpa-cumul and compared to the data
obtained from Mg+ implanted sample previously reported in the lit-
erature.12 In region II, where the number of point-like defects
decreases due to their recombination, the resistivity variations follow
an Arrhenius law, through linear dependence of ln (ρ) vs T−1 curves,
with an activation energy value of EA ¼ 90+ 10 meV. Furthermore,
the activation process remained independent of the fluence (dpa) or
the incident ions (Ar+ and He+) used. The Mg-implanted sample
had a similar activation energy (EA � 90 meV). This comparison
showed that the point-like defects involved in recombination origi-
nated mostly from ballistic effects rather than the nature of the
implanted species. In the case of Li+-implanted n-type ScN/MgO
(n∼ 1020 cm−3) at low dose, the increase in resistivity and a decrease
in mobility were observed as the dose increased.13 However, no
change in the conduction mechanism and recombination process
was reported between 400 and 1000 K. This may suggest that the
level of damage (or dose) was a major factor in the production of
unstable defects in ScN, unless other factors are relevant to the stabil-
ity of defects, such as the initial state of the material.
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Finally, in region III, once the point-like defects are recombined,
only the complex-like defects remained, resulting in (i) a metallic-like
behavior similar to pristine sample, (ii) a reduction in the number of
carriers via trapping, and (iii) an additional scattering of the carriers.
Similarly observed in a previous work on argon implanted ScN, this
type of defect generation leads additionally to an increase in the
Seebeck coefficient and phonon scattering.14 The complex-like

defects introduce deep acceptor levels in the bandgap, resulting in an
alteration of the color of the samples into non-transparent
material.12–14 In ScN implanted with noble gas, these defects recover
or evolve into nanocavities when annealed at high temperatures,
causing the implanted ScN to return to its initial color.14

Figure 4 displays the ρ(T) curves obtained after in situ anneal-
ing (as meas. 2 in Fig. 1) of the samples implanted at RT with two

FIG. 3. (a) Plot of ln(ρ) vs T−1/4 for the Ar-1dpa thin film and then implanted cumulatively up to 3 and 6 dpa. In the temperature range 80–400 K (region I), ln(ρ) vs T−1/4

curves were fitted by the VRH conduction model. (b) Plot of ln(ρ) vs T−1/4 for the cumulative Ar-3dpa with an interruption at 600 K followed by a second run (see the arrows).
The VRH slopes are clearly different showing a decrease in the Mott temperature when returning to 600 K. (c) Plot of ln(ρ) vs T−1 to determine the activation energy of the
recovery process in region II (400–700 K: region II) on the increase in temperature. Orange square plot: data obtained on the Mg-implanted ScN case in Ref. 12.
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different regimes of defects generation (0.8 and 1 dpa) using either
He or Ar ions and compared to argon implantation at 5 dpa from a
previous study.14 To obtain the same level of damage of 1 dpa
created with Ar ions (0.05 at. %), the quantity of He ions injected
was about 1 at. %, which was 20 times larger than the concentration
of Ar ions. After in situ annealing, all samples exhibit the same
behavior as the reference sample, namely, a metallic-like behavior.
The slope of all ρ(T) curves is roughly similar α ¼ 2:7� 10�9

+0:4 10�9 ΩmK�1. Thus, after recombination, only the complex
defects remained and only the term ρD, from Eq. (1), was modified:

ρHe�0:8dpa
D ¼ 6:1� 10�6 Ωm, ρAr�1dpa

D ¼ 7:1� 10�6 Ωm and

ρAr�5dpa
D ¼ 1:2� 10�5 Ωm. Therefore, it can be stated that the var-
iation of electrical behavior seemed to be dominant and dependent
on the damage level implanted regardless of the nature of
implanted ions and their concentration.

The structure of the displacement cascades and, hence, the
deposited energy did not seem to affect the formation of primary
defects in ScN. However, the values of ρD are much higher than
those estimated in the case of Mg+ implantation for an equivalent
dose, suggesting that the implanted gas promoted their generation by
acting as stabilizers. Indeed, the trapping of noble gases by vacancies
to form complexes or clusters (NGn–Vm, m > n) is known to be
energetically favorable in semiconductors.20 These kinds of com-
plexes were suggested to be precursors to form nanocavities under
subsequent annealing.21 If this mechanism is operating in ScN, as
previously suggested in Ar-implanted ScN14 where cavities were
observed, then the amount of helium trapped by complex defects
should be far greater than argon.

The term complex defects is generic and can refer to various
defects such as voids (empty cavities resulting from the

agglomeration of vacancies), bubbles (gas-filled cavities), and even
interstitial clusters (that appear as black-spot damage in transmis-
sion electron microscopy).14 In addition, regardless of the damage
regime or the ion used, the remaining complex defects did not
modify the slopes of the ρ(T) curves revealing that the electron–
phonon scattering was not affected. To show that the electrical con-
ducting behavior at a given temperature in region II does not
depend on any kinetic effect of the defect evolution during in situ
measurement but rather on thermodynamic equilibrium of the
defect arrangement, an additional experiment was carried out. A
thin film was implanted at 0.9 dpa with He, followed by annealing
at 700 K during 10 min in a lamp furnace under dynamic vacuum.
As expected, this sample showed a metallic-like electrical behavior
with a slope identical to those observed in Fig. 4, demonstrating
that the temperature is the key parameter concerning the point-like
defect recovery.

Electrical resistivity is sensitive to defects and, therefore,
should be an indication of damage accumulation in implanted
samples. To understand how the cumulative implantation influ-
ences defects formation, a unique sample labeled Ar-cumul was
implanted up to 5 dpa in 1 dpa step.

Figure 5 presents the relative change in resistivity at 300 K
attributed to either point-like defects or complex-like defects, nor-
malized by the maximum resistivity observed after implantation.
The evolutions of both types of defects’ contributions on the rela-
tive resistivity were compared. The contribution of the point-like
defects is given by the difference between meas. 1 and meas. 2,
i.e., Δρ300KPD ¼ ρmeas:1 � ρmeas:2 (see Fig. 2). On the other hand, the
contribution of the complex-like defects is given by the difference
between meas. 2 and the data of the reference measurement, i.e.,
Δρ300KComplex ¼ ρmeas:2 � ρref . Both defect contributions were compared
to a simulation of the disorder accumulation. This simulated model

FIG. 4. Resistivity measurements of ScN thin films for reference and after
noble-gas implantation under different conditions (meas. 2, i.e., recorded after a
first measurement up to 750 K resulting in the in situ recovery of one type of
defect).

FIG. 5. Plots of the values of relative increase in resistivity, at 300 K, against
dose (dpa) for ScN under cumulative argon implantation at RT. The dotted lines
represent the direct impact (DI) model described by Eq. (4).
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(dashed curve in Fig. 5) was characteristic of a single-hit process
(or called the direct impact model) for the creation of defects and
could be described by Eq. (4), proposed by Gibbons,22 which
assumes that no cascade recovery is necessary to create a defect,

Δρ300K ¼ Δρ300Ksat (1� e(�σf)), (4)

where Δρ300Ksat is the residual induced defects resistivity level at
saturation, σ the cross section for damage formation, and f the
dose (dpa).

The impact on the resistivity of both types of defects was
similar: a prompt increase with the dose preceding a saturating
tendency at higher dpa. After a high dose implantation, it was
common to observe the crystalline–amorphous transition in
implanted samples.23–25 According to Fig. 5, the resistivity tends to
saturate around 5–6 dpa, assuming a saturation of defect formation.
This may explain why no amorphization of the structure was
reported in TEM observations in the previous study on Ar-5dpa.14

The contribution level saturation for each defect type
differed slightly, with Δρ300Ksat (PD) � 2:4� 10�5 Ωm and
Δρ300Ksat (Complex) � 1:8� 10�5 Ωm. Therefore, the contribution
of point-like defects seemed to be slightly larger in comparison to
the contribution of complex defects on the resistivity. In addition,
the effective cross section of damage was identical for both defects,
σ ¼ 0:75þ=� 0:1 dpa�1, suggesting a similar production process
via displacement cascades. This means that both defect types were
generated during the implantation process and did not result from
possible evolution during in situ annealing. The �ne (Fig. 2)
remained constant between the meas. 1 and meas. 2, indicating
that the complex defects were initially formed in the sample before
any measurement/annealing.

This last investigation on cumulated implantation showed that
a cumulative implantation process can be used as a tool to antici-
pate the influence of defects on the electrical properties of the
sample and, thus, help on optimizing the experimental conditions.

IV. CONCLUSION

In conclusion, this study shows that the implantation of noble
gas in degenerated ScN films allows the formation of two groups of
defects named point- and complex-like defects. The complex-like
defects were found to introduce deep acceptor levels in the
bandgap. They also modified the electrical transport properties by
acting as carriers’ scattering centers and traps keeping the conduc-
tion mode of metallic-like behavior. In contrast, the point-like
defects induced localized states close to the Fermi level leading to a
change of the electrical conduction mode of the ScN films.
Consequently, in the low temperature domain, the electrical con-
duction mechanism was dominated by the variable range hopping.
The recovery of the point-like defects, which were observed by a
simple temperature annealing, occurred as early as 400 K, yielding
a recovery of the metallic-like behavior of the implanted films. In
addition, the analysis of results showed, according to Mott’s model,
that the localization parameter was linked with the concentration
of these point-like defects. In the case of the accumulation doses,
the kinetics of both types of defects followed a direct impact model
revealing that they formed directly within the cascade of

displacement. Finally, regardless of the nature of species implanted,
the level of defects created (dpa) governed the changes in electrical
transport properties after implantation.
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