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A B S T R A C T

The layered structure of MAX phases is associated with a number of functional properties and is the subject of 
extensive research. While the unit-cell layers of these structures have been well studied, much less is known 
about the distribution and manipulation of point defects within them. Here, we selected the prototype Cr2AlC 
system and, using variable energy positron beams, observed Doppler broadening and positron annihilation 
lifetimes to track the evolution of defects caused by the penetration of energetic transition metal ions (Co+ and 
Mn+) and noble gas ions (Ar+ and Ne+). In all cases an overall reduction of the open-volume defect concentration 
is observed post-irradiation. Atomic displacements induced by the penetrating ions drastically modify the defect 
distribution: the concentration of agglomerates of 9–15 vacancies (corresponding to positron lifetimes of 
335–450 ps) in the precursor [Cr2C/Al]n layers is suppressed, whereas Al mono- and Al-Cr di-vacancy (lifetimes 
217–231 ps) concentrations are enhanced. This breakdown of large defects into point defects scales with atomic 
displacements and is largely independent of the penetrating ion species, providing insights into the manipulation 
of point defects in nano-layered systems.

1. Introduction

Materials design is often confronted with the problem of combining 
vastly different physical properties, such as in coatings requiring good 
thermal and electrical conductivity [1] as well as hardness [2,3]. One 
solution is to combine a ceramic unit-cell wide layer, often of a com-
pound of a transition metal, ‘M’, with Carbon or Nitrogen, referred to as 
‘X’. In so called MAX phases the M2X layers are separated by an atomic 
layer of A-group element such as Al, thus forming an M2AX compound 
[4–6]. The crystallographic structure is hexagonal with space group 
P63/mmc, and can be viewed as possessing the …M2X-A-M2X-A… 
stacking sequence [7]. The promise of these materials is the combination 
of vastly differing properties. In recent years, MAX phases have been 
vigorously investigated for their applications, such as ceramic-like me-
chanical hardness [7–9], oxidation resistance [10], crack self-healing 

[11], and radiation resistance [7,12–14], as well as the metal-like 
electrical conductivity [15–17].

The unit-cell thickness of the M2X layer and the single A-atomic 
planes implies that a point defect within the layers is sufficient to locally 
disturb the stacking sequence, potentially causing large changes to the 
properties. These disturbances can occur in various forms, one instance 
is through vacancies. In specific cases these defects can be useful, for 
example in absorbing irradiated particles in radiation protection appli-
cations [14,18]. However, these defects are unavoidable in MAX phase 
systems, in particular those which have found commercial applications, 
such as Cr2AlC [19] and are prepared using industrially compatible 
methods such as magnetron sputtering. Since the presence of point de-
fects may play a role in determining the functional properties of nano- 
layered systems, i.e. impacting the radiation tolerance properties [20], 
a microscopic characterization of defects is necessary.
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In the case of the M2AX structure, knowledge of the type of vacancies 
and the response of the open volume defects to irradiation of particles 
such as ions is of fundamental interest. For instance, the implantation of 
3d transition metals into the nano-layered system can act as scattering 
centers for electronic transport within the layers. Ion-irradiation is ex-
pected to modify the vacancy concentration as well, which can indi-
rectly affect the transport behavior through vacancy diffusion and 
recombination thereby influencing the local environment of the 
implanted atom. Due to sensitivity issues, differentiating vacancy types, 
such as mono-, di- as well as larger vacancies is non-trivial, however can 
lead to insights such as the evolution of vacancies with increasing atomic 
displacements. The most suitable technique to probe such defects is 
positron annihilation spectroscopy with lifetime analysis [21]. The 
implanted positron lifetime is a function of the defect size, as well as its 
chemical surrounding, and can be simulated using ab-initio simulations 
[22].

In this work we focused on a prototype M2AX system, Cr2AlC in thin 
film form. The structural evolution due to disorder has been studied by 
several authors [7,12 –14]. Starting from as-grown material, disordering 
was achieved through the use of ion irradiation with different elements 
and fluences. The rearrangement of the atoms due to disorder leads to 
the formation of C interstitials, as well as antisite defects (CrAl and AlCr) 
[13]. In fact, the ability of M and A atoms to exchange positions provides 
an efficient means for the accommodation of radiation-induced point 
defects [7]. In this system, disorder results in an expansion of the c-axis 
and to a contraction of the a-axis, leading to a distorted phase known as 
γ − Cr2AlC. However, when it comes to information about open volume 
defects, such as vacancies, some questions remain unanswered. 
Although Q. Huang et al. [13] calculated the formation energies for 
different open-volume defects in this system, experiments probing those 
defects and how they evolve due to increased disorder are still unavai-
lable in the literature.

In this paper, we probe vacancy defects formed in Cr2AlC formed 
under systematic irradiation-induced disordering using 3d transition 
metal ions (Co+ and Mn+), which can bring about magnetic doping, and 
chemically inert Ne+ and Ar+ ions as controls, which lead only to dis-
order. Open volume defects in the irradiated Cr2AlC films were inves-
tigated using Positron Annihilation Lifetime Spectroscopy (PALS) as 
well as Doppler Broadening Spectroscopy (DBS) of the positron anni-
hilation absorption line. Through a comparison of the experimental re-
sults with ATSUP ab-initio simulations [22], various defect states, 
including mono- and di- vacancies, as well as agglomerates of vacancies 
were identified. Regardless of the irradiated ion species, agglomerates of 
9–15 vacancies were transformed into Al mono-vacancies and Cr-Al di- 
vacancies, and, contrary to predictions [7,23], the overall concentration 
of open-volume defects decreased with ion-irradiation. Deviations from 
the above trend were observed in the case of Ne+-ions, whereas the 
vacancy distributions under the Co+, Mn+ and Ar+ irradiation showed 
similar behavior. For fundamental studies on the effects of 3d transition 
M2AX system, the Ar+ ion can therefore act as an effective control.

2. Materials and methods

Thin films of Cr2AlC with t = 50 nm and t = 500 nm were prepared by 
magnetron sputtering onto a Si(111) substrate at room temperature. On 
top of Si a layer of 20 nm SiO2 was grown (by thermal dry oxidation), 
followed by 80 nm of Si3N4 (by low pressure chemical vapor deposition). 
Si3N4 and SiO2 act as diffusion barriers to suppress any interaction be-
tween the substrate and the multilayer system [24,25]. The deposition 
for the multilayer system was achieved using elemental targets, and a 
sequence of layers with 4 nm for Cr, 2 nm for Al and 2 nm for C, which 
was repeated 7 times to achieve t = 50 nm and 57 times to achieve t =
500 nm [24]. The Cr and Al layers were deposited at 200 W and 80 sccm 
Ar flow reaching a deposition rate of 2.03 nm/s and 1.56 nm/s, 
respectively. C layers were deposited at 450 W with the same Ar flow, 
reaching a deposition rate of 0.27 nm/s. Following deposition, the thin 

films were annealed at different temperature steps using a rapid thermal 
annealing (RTA) furnace. The annealing steps were made in an Ar at-
mosphere at 823 K, 923 K and 1173 K for a hold time of 30 s using a 
heating rate of 15 K/s.

The Monte Carlo simulation code SRIM [26] was used to fine-tune 
the irradiation energies and angle of incidence, with the standard 
displacement energies of 25 eV for Cr/Al and 28 eV for C [26]. To avoid 
surface effects or intermixing with the buffer layers, the quasi-Gaussian 
profile for the concentration of ions with depth was optimized to be in 
the central thickness of the thin-film, as seen in Fig. 1, right-axis. En-
ergies of 250 keV to 400 keV were used for the t = 500 nm films and 25 
keV to 50 keV for t = 50 nm. The displacements per atom, dpa profiles 
are shown in Fig. 1 left axis for both film thicknesses at a fluence of 1 ×

1015 ions • cm− 2. The chosen ion species were transition metals (Co+, 
Mn+) and inert gas elements (Ar+, Ne+). Due to the different ion species 
used, and hence atomic mass, the peak dpa and dpa are different, and 
can be found in S1 of the supplementary material for the other fluences 
used, 1 × 1014 ions • cm− 2 and 5 × 1015 ions • cm− 2.

Grazing incidence X-ray diffraction (GIXRD) was undertaken with a 
Rigaku SmartLab diffractometer with parallel beam optics and a Cu 
anode generating radiation with a wavelength of 0.154 nm. For micro-
structural characterization, high-resolution transmission electron mi-
croscopy (HRTEM), electron energy loss spectroscopy (EELS) and energy 
dispersive X-ray spectroscopy (EDX) were used. These analyses were 
performed in a probe-corrected FEI Titan Low Base operated at 300 keV, 
equipped with a high-brightness field emission gun (X-FEG) and a 
CETCOR aberration corrector for the probe from CEOS. In addition, the 
setup included an Ultim Max TLE10 EDX system by Oxford Instruments 
and a Gatan Imaging Filter Tridiem 866 ERS for EELS.

Doppler broadening spectroscopy (DBS) and positron annihilation 
lifetime spectroscopy (PALS) were used. For PALS, a monoenergetic 
positron beam is created by pair production at a tungsten target. The 
unique temporal resolution of the ELBE beam is transferred on the 
positron beam, resulting in a pulsed positron source with high repetition 
rate, high intensity and selectable implantation energy, allowing high 
depth resolution. The time resolution is 230 ps FWHM (or 102 ps RMS) 
timing resolution, and the total events collected in a spectrum are 107 

counts. For Doppler broadening spectroscopy DBS, positrons are 
generated through β+ decay of the radioisotope 22Na, obtaining a mono- 
energetic beam after positron moderation that is accelerated towards the 
sample with selectable energy. The positron penetration depth (z), can 
be approximated, using the density (ρ) of the material and the implan-

tation energy used 
(
Ep
)
, by the formula zmean =

(
36
ρ

)

• E1.62
p [27]. To 

achieve the required penetration depth, energies up to 12.5 keV could be 

Fig. 1. Simulated dpa profile as a function of depth for t = 50 nm (peaks on the 
left) and t = 500 nm samples at a fixed fluence. The impurity concentration 
profile is represented in the right axis for Co+ and Ar+. Simulations were made 
using SRIM [26].
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used. In addition, both DBS and PALS were done at room temperature.
When positrons are implanted, they dwell in open-volume defects, 

and then annihilate with electrons, thereby emitting at least 2γ photons 
[28,29]. The energy of the annihilation photon was measured using high 
purity Ge detectors, with a resolution better than 1.1 keV at 511 keV. For 
DBS the broadening of the annihilation profile was characterized using 
two different parameters: the S-parameter corresponds to the fraction of 
the annihilation line in the middle region, and the W-parameter is 
related to the fraction in the outer region. The S-parameter is suitable for 
the analysis of depth dependent defect concentrations and the W- 
parameter, being more sensitive to core electrons, the atomic environ-
ment of defects. Additionally, the PALS [30] technique allows for the 
decomposition of the lifetime distributions, revealing several lifetimes 
τ1, τ2,⋯τi, along with their associated intensities I(τ2), I (τ2), ..I (τi). By 
combining experimental results of positron lifetimes with atomic su-
perposition (ATSUP) ab-initio simulations [22] for defect states, it was 
possible to identify different defects. Due to the complexity of the crystal 
only a non-optimized (no relaxations due to defects) structures were 
considered. DBS and PALS measurements were carried out at the AIDA 
setup [31] and the MePS beamline, respectively, at the ELBE (Electron 
Linac for beams with high Brilliance and low Emittance) facility at the 
Helmholtz-Zentrum Dresden-Rossendorf [32].

3. Results

3.1. Structural analysis

XRD on the as-grown and ion-irradiated thin films was done with a 
grazing incidence angle of 5◦ to increase the intensity diffracted by the 
films and suppress the contribution from the single crystal Si (111) 
substrate. In Fig. 2 a) and b) the diffractogram around the (002) 
reflection of Cr2AlC are shown for the t = 500 nm and t = 50 nm samples, 
respectively. The main MAX-phase Cr2AlC peaks are observed, namely, 
the (002), (102), (103) and (006). At ~ 43.6◦ secondary phase peaks 
are also seen, however, the presence of AlCr2, Al8Cr5, Cr7C3 is often 
reported in MAX phase synthesis [33–36]. Following ion irradiation, the 
superstructure reflection (002) undergoes a decrease in intensity of 
approximately 50 % for the t = 500 nm sample. Contrastingly, for the t 
= 50 nm sample the superstructure reflection is completely suppressed 
after ion irradiation. Moreover, an additional peak appears around 
40.2–40.7◦ in both film thicknesses. This new peak is associated with the 
(006) reflection of grains/crystallites featuring an expansion along the 

c-axis of up to 4 %. Similarly, a contraction along the a-axis would be 
expected [7,12,13], however, the low intensity of the (h00) and (hk0) 
reflections made it difficult to quantify, and the film strain might even 
compensate the contraction of grains whose c-axis is oriented in the film 
plane.

Further microstructural analysis was made; in Fig. 3 a) and d) 
HRTEM cross sections of the as-grown t = 500 nm and t = 50 nm films 
are shown. The 500 nm film a) shows that growth occurs in a columnar 
fashion. For the 50 nm film it is difficult to confirm if the same behavior 
is present, due to the reduced thickness. Fast Fourier Transforms (FFT) 
of the HRTEM images collected along the (3, 3, − 1) zone axis are shown 
for both as-grown t = 500 nm and t = 50 nm in c) and f), corresponding 
to an area of 15.1 × 15.1 nm2 and 9.5 × 9.5 nm2, respectively. In the two 
cases, characteristic MAX phase reflections can be indexed and are 
indicated. STEM-EELS chemical maps are represented in b) and e), and 
the distribution of Cr and C is proven to be homogeneous. After irradi-
ation HRTEM shows no significant changes in the t = 500 nm film g), 
when compared with the as-grown film a). Additional analysis is pro-
vided in S2 of the supplementary material, showing values for the 
elemental compositions, obtained using EDX, with Cr, Al, C, as well as O 
present. For the as-grown samples a 1.78 ratio of Cr:Al was observed, 
whereas the ion irradiated samples show a ratio of 1.6 and 1.78 for Co+

and Ar+ irradiation, respectively. The difference in ratios is within the 
measurement accuracy.

3.2. Positron annihilation spectroscopy

Fig. 4 shows the S parameter as a function of the positron implanted 
energy (depth) for the as-grown and irradiated t = 500 nm samples. The 
uncertainties associated with the determination of S are represented by 
error bars on the y-axis; however, the errors are three orders of 
magnitude smaller than the value of S, making them barely visible. The 
central region t = (60–240) nm is indicated on the plots, because it is not 
affected by surface effects or strain near the buffer layers. In the central 
region, the samples show a homogenous S value, with the as-grown 
sample having the highest average value (S=0.584). For the irradiated 
samples, in the lowest fluence used (1 × 1014 ions • cm− 2), there is a 
decrease in S for all the ion species, this effect is smaller for Mn+ ion 
species. Increasing the fluence to (1 × 1015 ions • cm− 2) causes a further 
decrease in the S value across all ion species. Finally, at the highest 
fluence (5 × 1015 ions • cm− 2), S reaches its lowest value for all the ion 
species, with a similar effect for Ar+, Mn+ and Co+ (S~0.567) but a less 
pronounced effect for Ne+ (S=0.572). For the W-parameter, shown in 
the supplementary material S3, the behavior is essentially a mirror 
horizontal image of the S-parameter. In supplementary material S4 a 
short discussion of the S(W) plot is presented.

PALS data in Fig. 5 shows the weighted average positron lifetime for 
the t = 500 nm samples at an irradiation fluence of 1 × 1015 ions • cm− 2 

using inert ion species a) and 3d metal ions d). In b)/e) and c)/f) the 
uncertainties associated with the determination of lifetime and associ-
ated intensities, respectively, are represented by error bars in the y-axis 
direction. In this plot a weighted average of the individual lifetime 
components τ1, τ2, τ3 and associated intensities I (τ1), I(τ2), I(τ3) is 

shown, and calculated as τav =

∑3
i=1

τi .I(τi)
∑3

i=1
I(τi)

. The error for the weighted 

average τav is obtained by propagation of the errors associated with the 
measured lifetime and intensity contributions, although it appears large, 
it is around ~ 6 %. The lifetime analysis software shows that the model 
used adequately fits the data, with an average reduced χ2 ~ 1.2.

The results in Fig. 5 a) show a decrease in average positron lifetime 
when the as-grown sample 273 ps, is compared with the inert ion irra-
diated samples 258 ps. Conversely, the samples irradiated with 3d metal 
ions decrease only to 267 ps. The decrease in τave is associated with an 
overall reduction of the open-volumes, as a consequence of irradiation, i. 
e. reduction of the average defect size.

Fig. 2. Diffractograms of Cr2AlC thin films for as-grown and irradiated samples 
at a fluence of 1 × 1015 ions • cm− 2. a) and b) show the results for the t = 500 
nm and t = 50 nm samples, respectively.
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Considering the individual lifetime components shown in Fig. 5 b) 
and e), there is an increase after irradiation across all ion species used, 
except for the case of Ne+ irradiation. In Fig. 5 c) and f) the relative 
intensities associated with the individual lifetimes are shown. For τ1, the 
intensity I (τ1) is initially around 56 % for the as-grown sample, and 
increases to ~ 65 % for the Ne+ irradiated sample and up to ~75 % for 
the Co+, Mn+ and Ar+ ion species. Conversely, for the lifetime compo-
nent τ2, the relative intensity is around 40 % for the as-grown sample. 
Following irradiation there is a decrease to ~35 % for the Ne+ ion 
species and down to 25–27 % for the Co+, Mn+ and Ar+ ion species. The 

lifetime component τ3 shows a relative intensity around 2 % in the as- 
grown sample, reducing to ~1 % for the Ne+ ion species and nearly 
vanishes for the Co+, Mn+ and Ar+ ion species (0–0.5 %). The decrease 
in weighted average positron lifetime represented in Fig. 5 a) and d) 
shows that the intensity is more determinant for the evaluation of the 
defect states than the lifetime. In other words, although the individual 
lifetimes increase after irradiation, as seen in b) and e), the increase in I 
(τ1) and decrease in I(τ2) and I(τ3), as observed in c) and f), lower the 
overall τave.

In Fig. 6 the relative intensities associated with the lifetimes τ1, τ2, τ3 

Fig. 3. Microstructural analysis of the Cr2AlC films, showing HRTEM in a) and d) for as-grown t = 500 nm and t = 50 nm, along with the associated STEM-EELS 
chemical maps b) and e) and FFT along the (3,3,-1 zone axis) c) and f). In g) HRTEM is shown for t = 500 nm samples irradiated with Ar+ and Co+ at 1 × 1015 ions 
• cm− 2.

Fig. 4. DBS data for energy (depth) dependency of S- parameter in t = 500 nm samples irradiated at different fluences. The energy (depth) dependency of W- 
parameter is shown in supplementary material S3. The data for the as-grown films (open black squares) is the same in all panels for comparison.
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Fig. 5. PALS data for the as-grown t = 500 nm samples and ion irradiated samples at 1 × 1015 ions • cm− 2 with inert ions a)-c) and transition metal ions d)-f). In a) 
and d) the weighted average positron lifetimes are shown, whereas b) and e) show the lifetimes of the three components τ1 − τ3 and associated intensities I(τ1) – I(τ3) 
in c) and f), respectively.
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are shown for ion fluences 1 × 1014, 1 × 1015 and 5 × 1015 ions • cm− 2 in 
the central region t = (60–240) nm. Across all ion species I (τ1) increases 
after ion irradiation, saturating at 1 × 1015 ions • cm− 2 for Ar+, Co+ and 
Mn+ (~75 %), and at 5 × 1015 ions • cm− 2 for Ne+ (~76 %). For the 
second lifetime component, τ2, the associated intensity decreases across 
all ion species, reaching its lowest value at 1 × 1015 ions • cm− 2 for Ar+, 
Co+ and Mn+ (~25 %), and at 5 × 1015 ions • cm− 2 for Ne+ (~22 %). 
For τ3, the associated intensity, I(τ3), reaches its lowest value for the 
fluence 5 × 1015 ions • cm− 2 in all the ion species.

The τ3 corresponds to long lifetimes in the 450–5000 ps range, 
suggesting the presence of large voids, porosity or amorphous regions. 
From the TEM data in Fig. 3 it can be inferred that these voids occur in 
the regions between the columnar grains. The granular structure is 
further confirmed from the broadening of the XRD reflections. 

Furthermore, the low, ~2 % intensity of the τ3 signal is consistent with 
the predominantly crystalline structure of the films and also makes the 
identification of the effect that causes it to be difficult.

A similar analysis was extended to the t = 50 nm samples, focusing 
on a fluence of 1 × 1015 ions • cm− 2. In Fig. 7 a)-b) the DBS data is 
represented. The energy dependence of the S-parameter in the central 
region shows a behavior that differs from the central region of the t =
500 nm samples seen in Fig. 4. That is, the as-grown sample exhibits the 
lowest S-parameter value, whereas the ion-irradiated samples show an 
increase in S of ~0.06–0.1. However, a comparison of similar depths in 
the t = 500 nm samples shows that at t = (0–41) nm the behavior is 
essentially the same as in the t = 50 nm films.

An analysis of the intensities associated with the individual lifetimes 
τ1, τ2 and τ3, obtained with PALS, is shown in Fig. 7 c) for t = 50 nm in 
the central region. For the as-grown sample, I(τ1) is initially ~50 %, and 
after ion irradiation increases to 59 % for the Mn+ ion species, 63 % for 
the Co+ and Ne+ and 68 % for Ar+. For the lifetime component τ2, the 
associated intensity decreases from ~47 % in the as-grown sample to 40 
% for the Mn+ ion species, 37 % for the Co+ and Ne+ and 31 % for the 
Ar+ species. I(τ3) decreases from 2.5 % in the as-grown sample to 0.5–1 
% for all the ion species. In summary, the PALS and DBS analyses for the 
t = 500 nm and t = 50 nm samples show a similar trend.

4. Discussion

Theoretical calculations for the positron lifetimes in different defect 
states were made by employing the ATomic SUPerposition (ATSUP) 
code [22]. The calculation enables the use of two different schemes, the 
Boronski-Nieminen (BN) parametrization and the Gradient Correction 
(GC); more details can be found in [30,34]. For the defect-free material 
the lattice parameters a = b = 2.85 Å, c = 12.82 Å and density ρ = 5.22 g 
• cm− 2 were used [37]. The point defects were modeled using a 128 
atom based supercell. To ensure efficient convergence of the results 
concerning the positron parameters for point defects, the calculations 
employed a Brillouin-zone integration over the lowest-lying positron 
state, as explained in [37]. This approach effectively accounts for the 
supercell size, leading to rapid convergence of the outcomes.

As an initial assumption for which open-volume defects would more 
likely be present in Cr2AlC, the predictions made by Q. Huang et al. [13]
were taken into account, namely, the fact that C, Al and Cr vacancies 
have the lowest theoretically estimated formation energy. Considering 

Fig. 6. PALS data representing intensity as a function of fluence for each of the 
individual lifetime components τ1, τ2 and τ3 in the central region for t = 500 nm 
samples. As a guide to the eye, a dashed line connects the data associated with 
each ion species across the different fluences.

Fig. 7. DBS data for the t = 50 nm samples at 1 × 1015 ions • cm− 2, a)-b) shows the energy dependency of the S- and W- parameters. c) Represents the intensity of the 
individual lifetime components, obtained from PALS as a function of fluence for the central region.
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that increasing levels of disorder are expected, mono-, di- and triple- 
vacancies, as well as agglomerates of up to 15 vacancies were consid-
ered in the simulations. The calculations for the different defect states 
considered are available in S6 of the supplementary material. The 
defect-free material was estimated to have a lifetime of 136 ps, whereas 
for mono-vacancies of Cr and Al the estimated lifetimes are 187 ps and 
219 ps, respectively. It should be noted that the mono-vacancy of C 
cannot be identified experimentally due to its positive charge. Di- 
vacancies of Cr-C and Al-Cr were simulated and their lifetimes are 
198 ps and 230 ps, respectively. Agglomerates of 9–15 vacancies were 
also simulated and found to have lifetimes ranging from 330 to 450 ps.

In the supplementary material S5 and S6 the experimental and 
simulated lifetime values can be found. Combining these lifetimes, dpa 
and change of intensities with respect to the as-grown component (ΔI =

I(τi) − I(τi)as− grown), the 3D histogram shown in Fig. 8 a) was created. 
The lines on the lifetime axis show the average lifetime values for Al 
vacancies, Cr-Al di-vacancies, and agglomerates of 9–15 vacancies ob-
tained by averaging the BN and GC scheme values. In b) the change in 
intensity is plotted as a function of lifetime. The simulations for defect- 
free Cr2AlC predict a positron lifetime of 134–138 ps; however, no 
samples exhibit lifetimes in this range. The experimentally obtained τ1 
values for the as-grown samples fall in the range of 202–222 ps. 
Therefore, it can be concluded that the as-grown samples are not defect- 
free. In this experimental lifetime range, the Cr − C di-vacancies and Al 
vacancies are the closest match. However, Al vacancies have a higher 
binding energy, increasing the probability of being present. The ion 
irradiated samples show a maximum increase of τ1 for a fluence of 1 ×

1015 ions • cm− 2 in all ion species. At such a fluence, they exhibit 
experimental lifetimes τ1 between 205 ps and 235 ps. Although the 
ranges are those of simulated Cr − C di-vacancies, Al − Cr di-vacancies 
and Al-vacancies, the overlap of experimental and simulated data is 
highest for Al-Cr and Al vacancies, as well as the binding energies. The 
lifetime component τ2 appears in the 320–430 ps range for both as- 
grown and irradiated samples. This range corresponds to simulated 
defect states consisting of large agglomerates with 9–15 vacancies. 
However, due to the calculation scheme used (BN or GC), each of these 
defect states has an estimated lifetime range of 30 to 40 ps. As a result, it 

is difficult to quantify which vacancy agglomerate is more likely, given 
the overlapping lifetimes and similar binding energies. In Fig. 8 c) the 
change in intensity as a function of dpa is represented for all the samples. 
As can be seen in the 3D histogram, the positive components, with a 
lifetime τ1, associated with small defects, increase following irradiation, 
whereas the second lifetime τ2, associated with agglomerates of 9–15 
vacancies, decreases. For the lifetime component τ3, the overall in-
tensities are on the order of ~2 %, so they were omitted in this analysis.

After ion irradiation, the superstructure reflection (002) remains 
present only in the t = 500 nm film; however, the (006)/(103) re-
flections are observed for both film thicknesses. A part of the (006) 
reflection, shown in Fig. 2 a) and b), shifts to lower 2θ angles, which 
corresponds to an expansion of the c-lattice parameter of up to 4 %. This 
expansion means there is a distortion of the unit cell, and indicates a 
transformation to the γ − Cr2AlC phase. It has been shown [12] that the 
rearrangement of atoms due to irradiation leads to the appearance of a 
distorted phase with a different interlayer spacing, consequently, new 
reflections appear at 40.90◦, 56.25◦ and 67.15◦ (2θ), identified as cor-
responding to (002), (102) and (110) planes, respectively. In this 
study, however, only the (002) reflection can be identified for the new 
phase.

The intensity of the (002) superstructure reflection of Cr2AlC de-
creases by approximately 50 % after ion irradiation in the t = 500 nm 
films, and it completely disappears in the t = 50 nm films. A possible 
explanation for this effect can be obtained from the SRIM simulations 
shown in Fig. 1. Although the peak dpa at the same fluence is only 
slightly higher for the t = 50 nm film than for the t = 500 nm, the dis-
tribution of dpa across the film thickness is significantly different. For t 
= 50 nm the dpa remains consistently high, contrastingly, for the t =
500 nm it falls below 0.5 for t > 275 nm. Moreover, for the same fluence 
(1 × 1015 ions • cm− 2), the average dpa per thickness is 1.23 dpa/nm for 
t = 50 nm, whereas it is only 0.71 dpa/nm for the t = 500 nm samples. 
This effectively means that the layered structure is completely disor-
dered in the t = 50 nm film, whereas in the t = 500 nm film it is 
disordered in the 0–250 nm region but remains almost unaffected at 
higher depths. Consequently, the intensity of the superstructure reflec-
tion is completely suppressed in the former and only attenuated in the 

Fig. 8. a) 3d histogram showing the lifetime, dpa and change in intensity (ΔI) for the ion-irradiated samples, using as reference the values for the as-grown samples. 
b) and c) show the plots for ΔI as a function of lifetime and dpa, respectively. On top x-axis of b) the simulated positron lifetimes are represented for different 
defect states.
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latter.
Contrary to some studies where similar peak dpa values led to 

amorphization [7,38], in our work this did not occur. For the t = 500 nm 
films irradiated with Co+ at 5 × 1015 ions • cm− 2 a 13.5 peak dpa was 
achieved. In contrast, for the t = 50 nm film at 1 × 1015 ions • cm− 2, the 
maximum was 3.3 peak dpa. A possible explanation for the high radia-
tion tolerance can be the preexistence of amorphous regions and sec-
ondary phases [14]. It was suggested that amorphous nano-phases 
mitigate the accumulation of displacement damage effects, preventing 
amorphization and thus acting as a “self-healing capability” under high 
radiation environments. In this work, as we saw from the microstruc-
tural analysis and PALS data, some amorphous regions are present, 
which seem to enhance radiation tolerance and explain the high dpa 
achieved without amorphization. Further microstructural analysis with 
TEM and STEM/EELS, seen in Fig. 3, do not show any significant 
structural changes after ion irradiation. Moreover, the distribution of the 
elements is proven homogenous throughout the film depth and the ra-
tios of Cr:Al are unaffected by ion irradiation, within the experimental 
error.

The DBS profile in Fig. 4 for the t = 500 nm samples shows a sys-
tematic decrease in the S-parameter for all ion species as fluence in-
creases. For small thicknesses in the t = 500 nm samples (close to the 
film/substrate interface) the behavior is similar to what is seen for the t 
= 50 nm samples in Fig. 7 a). The S-parameter scales with the concen-
tration of defects [39], therefore the defect concentration is in fact 
decreasing after irradiation in the central region. Due to a reduction in 
defect concentration, or, more specifically, a reduction in open-volumes, 
the positron diffusion length concomitantly increases, which, in turn, 
increases the annihilation fraction of positrons with the surface states 
and Si3N4/SiO2 buffer layers. For the thinner film (t = 50 nm), the su-
perposition of positron annihilation inside the film, at the surface, and at 
the Si3N4/SiO2 buffer layer is unavoidable and contributes to the S- 
value. Therefore, the increase in S for the t = 50 nm film, seen in Fig. 7
a), can be attributed to a greater positron annihilation within the 
amorphous buffer, which itself has a larger S-value than the film 
[40,41].

The depth profiles simulated using SRIM in Fig. 1 show a pseudo- 
Gaussian distribution for both vacancy and ion concentration profiles, 
peaking around 130–260 nm for the t = 500 nm samples. However, DBS 
experiments, see Fig. 4, revealed a uniform defect concentration in the 
central region. This comparison suggests that the actual physical 
behavior is more complex than predicted by SRIM, with defects redis-
tributing throughout the sample volume after irradiation.

Fig. 5 shows the results obtained from PALS for the t = 500 nm 
samples. A decrease in the weighted average positron lifetime is seen 
across all ion species used at a fluence of 1 × 1015 ions.cm− 2. The 
decrease in τav is associated with a reduction in open-volume defect size, 
induced by the irradiation process, and is more pronounced for the 
samples irradiated with inert ions than for the 3d ion irradiated samples. 
A possible explanation for this behavior can be that for 3d ions there is in 
fact substitution of some atomic lattice positions by the implanted ion, 
and the defects created in the surrounding are less effective at trapping 
positrons, hence the increased τav compared with inert ion irradiation. 
Another argument supporting this hypothesis is based on M(H) mea-
surements of samples treated with both types of ions [42]. The increase 
in magnetization for samples irradiated with 3d ions is higher than for 
those irradiated with inert ions at the same dpa, suggesting that there is 
some incorporation of 3d ions in the lattice.

Additionally, the deconvolution of the PALS lifetime components 
shows an increase in the intensity associated with small defects I(τ1) and 
a concurrent decrease in the intensity of large defects I(τ2), I(τ3) post- 
irradiation. The results in Fig. 6 show that for all ion species used for 
irradiation, except Ne+, there is a saturation of the effects at a fluence of 
1 × 1015 ions.cm− 2. In the case of Ne+ the saturation occurs at a higher 
fluence, which is due to the lower values of dpa reached during 

irradiation. A closer examination of the dpa values in supplementary 
material S1 reveals that for a fluence of 1 × 1015 ions.cm− 2, the dpa is 
0.35 for Ne+, whereas for the other ion species, the dpa exceeds 0.7 at 
the same fluence. This difference can be attributed to the lower atomic 
weight of Ne+.

The intensity of I(τ1) reaches a maximum (75 %), and I (τ2) and I(τ3) 
reach a minimum of 25 % and ~0 %, respectively. The τ3 component is 
associated with the amorphous fraction, likely located at the inter- 
columnar regions. A reduction in τ3 suggests a re-arrangement of the 
voids in these regions, which could serve as traps for interstitials.

The experimental lifetimes obtained for the separated components of 
PALS data were compared with ab-initio ATSUP [22] simulations. It is 
shown in Supplementary Material S5 and S6 that the as-grown films of t 
= 50 nm and t = 500 nm are far from the ideal defect free case, with the 
presence of large vacancy agglomerates as well as mono and di- 
vacancies. By considering the simulations, the most likely small defect 
present in the as-grown samples are Al mono-vacancies. For large defect 
agglomerates, the overlap of experimental lifetimes with different 
simulated clusters makes it difficult to quantify which are present in the 
samples. Ion irradiation causes the large agglomerates of 9–15 vacancies 
to transform into mono-vacancies of Al and di-vacancies of Cr-Al. This 
transformation is maximized at a fluence of 1015 ions • cm− 2 for all 
samples except the one irradiated with Ne+ (at lower dpa). Above this 
fluence the intensity associated with small defects starts decreasing and, 
simultaneously, the intensity associated with large defects increases. 
This shows that during the dynamic evolution of open-volume defects in 
Cr2AlC it is possible to transform large agglomerates of vacancies into 
smaller defects using selected ion fluences. For the t = 50 nm samples, 
the similarity between Fig. 6 and Fig. 7 c) suggests the same behavior 
occurs for both film thicknesses.

Insights into the local environment of the vacancies, as characterized 
by the ratio of high and low momentum electrons were obtained using S- 
W plots (Fig. S3 in Supplementary Material). For each investigated ion- 
species, the S-W points tend to fall on a straight line with negative slope. 
The linear behavior is an indication that the local vacancy environment 
does not vary with increasing ion-fluence. However, any change in slope 
is an indication of a shift in the local environment. Extrapolation of the 
slopes relative to the slope for the S-W of the as-grown films indicates 
whether the local environment under irradiation diverges from that of 
the as-grown state. As seen in Figure S3, the S-W line corresponding to 
Mn+ and Ne+ irradiation can be extrapolated to the S-W of the as-grown 
sample, suggesting a preserved local environment. The Co+ and Ar+

lines diverge from the as-grown reference, showing that these ions 
modify the local vacancy environment. Moreover, the S-W lines for Co+

and Ar+ nearly overlap, further suggesting that Ar+ is indeed a valid 
control irradiation species for studying any property variations due to 
the Co+. Further analysis of the high electron momentum fraction, to 
some extent indicated by the W-parameter, will require techniques such 
as coincidence Doppler broadening and are anticipated as part of future 
investigations.

According to the literature [7], early-stage irradiation in MAX phase 
materials typically results in the presence of isolated point defects, such 
as interstitials or vacancies. As the fluence of irradiation increases, these 
defects tend to cluster and form extended defects. Although the number 
of point defects is observed to increase with irradiation in our work, we 
find that this is due to a transformation of large defect clusters into 
mono- and di-vacancies, which is shown in the simplified schematic of 
Fig. 9. Moreover, it is observed that the defect size and concentration of 
open-volume defects decreases post-irradiation, which has not been seen 
in the literature. The ability to use ion irradiation at selected fluences to 
decrease the size of defects can be useful in enhancing the material’s 
mechanical and thermal properties, thereby increasing its resilience in 
structural damage due to prolonged use [14]. Ultimately, the increased 
stability and durability expand its applications in demanding environ-
ments, such as encountered in aerospace or nuclear industries [43–50].
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5. Conclusion

In order to modify open-volume defects in nano-lamellar Cr2AlC, 
systematic disorder using transition metal ions and noble gas as control 
was induced. Despite the suppression of the nano-lamellar structure a 
reduction in overall open-volume defect size and concentration is 
observed. The distribution of defects was observed through a combi-
nation of positron-annihilation spectroscopy and ab-initio simulations. 
With increasing atomic displacements large agglomerates of 9–15 va-
cancies, with positron lifetimes of 335–450 ps, present in the as-grown 
Cr2AlC, transform into Al mono- and Al-Cr di-vacancies with positron 
lifetimes of 217–231 ps. Our results show that using ion irradiation at 
selected fluences could potentially be used to reduce the large defect 
agglomerates to point defects.
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