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ABSTRACT

The microstructural changes induced by ion implantation may lead to advanta-

geous modifications of chromium disilicide’s (CrSi2) electrical and thermal prop-

erties. As a potential thermoelectricmaterial, CrSi2 has attracted attention due to its

semiconductor properties and high thermal stability. This contribution investigates

the influence of different ion species and implantation conditions on the

microstructure, electrical resistivity q and thermal conductivity j behaviors in

amorphous CrSi2 thin films. * 260-nm-thick CrSi2 films were produced by mag-

netron sputtering and deposited onto a SiO2/Si substrate. Sampleswere implanted

at room temperature either with Ne or Al ions to form a concentration–depth pla-

teau reaching a concentration of& 1.0 at.% (Ne), or & 0.008 at.% (Al). Ne and Al

implantations were also performed with the targets heated at 250 �C. The

microstructural modifications were characterized via TEM and STEM-EDX. The

electrical resistivity qwasmeasured by the van der Pauwmethod, and the thermal

conductivity j measurements were obtained with SThM. The results obtained

show that room temperature Al and Ne implantations cause the reduction of q as

compared to thepristinefilm. In contrast, theqvalues are significantlyhigher forNe

and Al implantations in heated substrates. The microstructure evolution, electrical

and thermal behaviors are discussed considering the effects of radiation damage

and the formation of dense nanocrystallite arrays during the implantation process.
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Introduction

Transition metal silicides (TMSi2) have favorable

physical properties that make them suitable for

applications in microelectronics [1], ceramics [2],

spintronic [3] and thermoelectricity [4, 5]. Among

them, CrSi2 is a narrow bandgap p-type semicon-

ductor with a high electrical conductivity considered

for a wide range of applications, from electro-optic

interconnects [6], Schottky junctions [7, 8], to IR

detection devices [9, 10]. Furthermore, CrSi2 is

chemically and thermally stable at high tempera-

tures. Combined with its high electrical conductivity

and Seebeck coefficient, CrSi2 becomes an engaging

material for potential use in thermoelectric applica-

tions [11–14]. However, CrSi2 has a high thermal

conductivity, which negatively affects the figure of

merit ZT and hinders its use as practical thermo-

electric devices [11, 15]. Nevertheless, due to its

extensive range of potential applications, it is of great

interest to understand the behavior of CrSi2 under

different conditions.

Many studies have been performed in single and

polycrystalline CrSi2, including bulk and thin films. It

has been shown, for example, that the electrical

properties of CrSi2 are pretty sensitive to variations in

the composite stoichiometry [16], deposition methods

[17, 18], thermal treatments [19] and the nature of the

substrate [20, 21]. Most studies have focused on

crystalline CrSi2, but in its amorphous form, CrSi2 can

also present interesting behaviors. Amorphous

materials have a wide range of applications in

microelectronics devices, such as thin-film transistors

(TFTs) [22], memristors [23], solid-state nonvolatile

phase-change memory (PCM) [24] and photovoltaic

solar cells [25], and in thermoelectric (TE) devices

[26]. It has been suggested that some amorphous

semiconductors can attain good thermoelectric

properties due to their modest to good electrical

conductivity (r) and poor thermal conductivity (j),

improving the r/j ratio as required by the energy

conversion figure of merit [26–28]. The performance

of these devices depends on the operating tempera-

ture, also concerning their physical properties and

thermal stability. This situation is challenging for

amorphous structures and of great importance to

optimize their use concerning device functionality

and reliability.

In this sense, we explore the use of ion implanta-

tion to modify the electrical and thermal properties of

amorphous CrSi2. The combination of ion implanta-

tion and in situ or ex situ thermal treatments allows

tailoring several properties of semiconductors. It

includes not only the electrical conductivity [29–31]

but also the microstructure configuration to provide,

for example, impurity gettering [32, 33], end-of-range

defect engineering [34] or even strain relaxation

effects [35, 36]. Ion beam modification techniques are

explored to improve crystalline materials’ electric

and thermal properties via doping or by forming

point and extended defects to act as phonon scatter-

ing centers, thus reducing the phonon contribution to

the thermal conductivity. For amorphous materials,

the situation is different. Ion implantation can still be

used for doping, but the microstructure modification

requires a different approach. Amorphous materials

provide an extra degree of freedom concerning ion

implantation experiments. Since the ion implanta-

tion/irradiation processes can occur at nonthermal

equilibrium conditions, it allows modifying the

compaction degree of the amorphous lattices or

enables the formation of crystalline clusters and even

the promotion of complete recrystallization resulting

in a highly defective crystal lattice.

In this paper, we report on the effects of Ne and Al

ion implantation on the microstructure, electrical and

thermal properties of amorphous CrSi2 thin films.

The implantations are done at different fluences in

substrates kept at room temperature or heated at

250 �C. The microstructure of the samples is charac-

terized by transmission electron microscopy (TEM).

We also use electrical resistivity and scanning ther-

mal microscopy (SThM) measurements to assess

electrical and thermal conductivities. The discussions

consider Ne as an inert element and how the matrix

responds to the implantation-induced atomic dis-

placements, causing, for example, the formation of

nanosized Ne bubbles and CrSi2 crystallites. Al is a

common dopant in crystalline CrSi2. Here we inves-

tigate its doping and irradiation effects throughout

the amorphous CrSi2 films. The results obtained

demonstrate that the ion implantation/irradiation

process causes significant modifications to the elec-

trical and thermal properties of amorphous CrSi2 thin

films.
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Experimental procedure

CrSi2 amorphous films with an average thickness of

260 nm were deposited in Si (100) substrates by

radio-frequency magnetron sputtering technique in a

high-vacuum chamber (base pressure of 2 9 10–6

mbar) with a high-purity CrSi2 target (3‘‘, 99.95%,

Neyco) using the experimental protocol developed

previously [37]. The sputtering targets were operated

at 120 W under a pressure of 0.51 Pa with a high-

purity Ar flow (99.99%). A SiO2 sublayer with a

thickness of 25 nm was deposited by sputtering

before the CrSi2 layer. The depositions were done at

room temperature with the multi-target Plassys

MP4505 equipment (CTM, Université de Montpellier,

France). One series of samples contains Al implan-

tations at distinct energies, calculated to produce a

uniform concentration–depth distribution along the

film. A second sample series has Ne implantations in

a uniform concentration–depth distribution. The Ne

and Al implantations were done at room temperature

and at a temperature of 250 8C. The fluences of the Ne

and Al implantations at 250 8C were adjusted to

produce similar damage levels, computed in dis-

placement per atom (dpa) units [38]. The implanta-

tion profiles and fluences, simulated using the SRIM

code (Ed = 25 eV (Cr), Ed = 15 eV (Si)) [39], lead to

atomic concentrations of & 0.008 at.% for Al (room

temperature implantation), of & 0.64 at.% for Al

(250 8C implantation) and & 1 at.% for Ne. All the

implantation experiments were done using a 500 kV

HVEE ion implanter (Laboratório de Implantação

Iônica, Instituto de Fı́sica, UFRGS, Brazil) maintain-

ing the beam current below 500 nA/cm2 to avoid the

heating of the substrate that could affect the sample

microstructure. The sample’s temperature during

implantations is kept constant, feedback-controlled

using a type K thermocouple and a Tantalum resis-

tance attached to the sample holder. Table 1 sum-

marizes the implantation parameters.

The composition and stoichiometry of the as-de-

posited CrSi2 film were accessed via Rutherford

backscattering spectrometry (RBS). The RBS mea-

surements were performed using a 1.5 MeV He?

beam from a 3 MeV HVEE Tandem accelerator

(Laboratório de Implantação Iônica, Instituto de

Fı́sica, UFRGS, Brazil). The microstructure evolution

of the samples was analyzed via transmission elec-

tron microscopy (TEM) using cross-sectional samples

prepared by focused ion beam (FIB) with the FEI

Strata DB 235 equipment (IEMN, Lille, France).

TEM observations were made using a JEOL JEM

2200FS transmission electron microscope operating at

200 kV (MEA Platform, Université de Montpellier,

France). Ne and Al distributions along the CrSi2 film

were assessed via scanning transmission electron

microscopy–energy-dispersive X-ray spectrometry

(STEM-EDX). The STEM-EDX measurements were

performed using a 100 mm2 Oxford Xmax TLE win-

dowless detector. The crystallinity of the CrSi2 sam-

ples considered in this study was assessed via the

selected area electron diffraction (SAED) technique.

The electrical resistivity (q) measurements on

implanted and non-implanted CrSi2 thin layers were

carried out between 80 and 330 K with a magnetic

field of 0.5 T by the van der Pauw method. The

electric contacts were made using In droplets, and the

measurements were performed with an Ecopia HMS

5000 four-point probe equipment (CTM, Université

de Montpellier, France). Scanning thermal micro-

scopy (SThM) in active mode using the Wollaston

wire probe [40] in ambient air conditions was used to

characterize the thermal conductivity (j) dependence

of the CrSi2 films.

Results and discussion

As-deposited sample characterization

Figure 1a shows cross-sectional TEM micrographs of

the as-deposited, non-implanted CrSi2 sample. The

film was deposited over a Si wafer containing a

25 nm SiO2 layer. The S arrow points to the surface of

the film. For the FIB sample preparation, the film was

covered by a thin carbon layer and then by a Pt film

also appearing in the micrograph. The CrSi2 film

deposition process results in columnar structures due

to the low mobility of the atoms adsorbed by the

substrate surface during the sputtering deposition

process. This type of growth is predicted for room

temperature depositions by the Thornton model in

zone 1 [41, 42]. Figure 1b shows the SAED pattern

from the CrSi2 film depicted in Fig. 1a. In cross-sec-

tional TEM specimens, SAED measurements are

sensitive to the formation of small crystallites with

characteristic dimensions above 1 nm. The observa-

tion of a diffuse and broad ring pattern indicates that

the sample can be considered amorphous within the

sensitivity level of the technique. Figure 1c depicts
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the RBS spectrum. It is well fitted by a SIMNRA code

[43] simulation (continuous line), demonstrating that

the CrSi2 film is stoichiometric.

Implantations at room temperature

Figure 2a, b shows cross-sectional TEM micrographs

of room temperature (RT) Ne- and Al-implanted

CrSi2 samples. The Ne implantation to a concentra-

tion of &1 at.% triggered the formation of a dense

array of Ne-filled cavities (i.e., bubbles) distributed

Table 1 Ion implantation parameters

Ne Al

Room temperature and T = 250 8C Room temperature T = 250 8C

Energy (keV) Fluence (at/cm2) Energy (keV) Fluence (at/cm2) Energy (keV) Fluence (at/cm2)

250 1 9 1016 200 1 9 1014 200 8 9 1015

120 7 9 1015 90 4.5 9 1013 90 3.6 9 1015

50 4 9 1015 40 1 9 1013 40 8 9 1014

20 1.5 9 1015 30 1 9 1013 30 8 9 1014

Concentration (at.%)

* 1.0 * 0.008 * 0.64

Figure 1 a Cross-sectional

TEM micrograph showing the

as-deposited CrSi2 thin film,

where the S vector points to

the surface of the film. The Si

substrate and the SiO2 layer

are also indicated in the image.

b Selected area electron

diffraction (SAED) pattern of

the as-deposited CrSi2 sample

shown in (a). c RBS spectrum

of the as-deposited CrSi2 film.
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throughout the film (white disks surrounded by a

dark ring produced by bright-field underfocus

imaging conditions). Figure 2a shows that Ne bubble

formation preferentially occurs along with the

columnar structures of the film. The Al implantation

to a concentration of & 0.008 at.% (Fig. 2b) does not

affect the columnar structure arrangement. Also, it

does not cause any other observable microstructure

modification concerning the pristine structure shown

in Fig. 1a.

The scattered points in Fig. 2c, d represent,

respectively, the EDX signals for Ne and Al as a

function of distance along with the film. The dash

dotted lines correspond to the Ne and Al concentra-

tion–depth profiles predicted by SRIM simulations

[39]. The EDX measurements indicate that the con-

centration–depth profile of the implanted Ne ions did

not diffuse much into the CrSi2 layer due to the

trapping of Ne by bubbles. Differently, Al has

diffused along the film due to implantation-enhanced

diffusion and knock-on by successive ions. The cor-

responding SAED patterns of Ne- and Al-implanted

samples (not shown) remain similar to the one in

Fig. 1b. These measurements indicate that the RT

implantations preserved the amorphous structure of

the film.

Inert gases have an extremely low solubility limit

and tend to agglomerate into more stable gas–va-

cancy complexes leading to bubble formation [44–46].

The same behavior also occurs in amorphous struc-

tures where the concept of vacancies correlates with

small free volume pockets in the network structure

[47]. The resolution limit for underfocus phase-con-

trast imaging conditions in TEM observations is

about 0.7 nm. Therefore, Fig. 2a reveals only the

visible bubbles, coarsened by gettering additional Ne

atoms or by interacting with other surrounding

bubbles via, for example, irradiation-induced bubble

Figure 2 Cross-sectional TEM micrograph for the CrSi2 sample implanted at room temperature with a Ne and b Al. EDX spectrum

appears superimposed with SRIM ion concentration–depth profile simulation for c Ne and d Al implantation.
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migration and coalescence process [45]. The same

atomic mobility behavior discussed for the Ne atoms

may also occur for the Al-implanted sample. In this

case, the atomic mobility can be inferred by the dif-

ference in the Al concentration–depth profile mea-

sured by EDX and predicted by the SRIM code

(Fig. 2d).

Ne Implantation at 250 8C

The effects of the Ne implantation at 250 8C in the

CrSi2 film structure can be inferred by the TEM

micrographs presented in Fig. 3a which shows that

the implantation effects are quite similar within the

entire film thickness.

Figure 3b shows an enlarged micrograph from a

region of Fig. 3a. This figure better illustrates the

presence of crystal grains (darker domains obtained

via bright-field diffraction contrast) and the homo-

geneously dispersed Ne bubbles (depicted in bright-

field underfocus imaging conditions). The micro-

graph also suggests that the columnar grain structure

has been smoothed out. These features are quite

distinct from those observed for the RT implantation

case (Fig. 2a). Figure 3c shows the EDX measurement

for Ne distribution as a function of distance in the

film. The depth distribution of the Ne content is very

similar to the one obtained by implantation at room

temperature (Fig. 2c).

Figure 3a, b shows that, for implantations at 250 8C,

a significant fraction of the amorphous structure has

been transformed into randomly oriented crystallites

with sizes with diameters from 5 to about 20 nm. This

phenomenon is also evidenced by the dense ringlike

distribution of diffraction spots in the SAED pattern

presented in Fig. 4a. The ring pattern is well fitted

using the hexagonal structure of the CrSi2 crystal

lattice (space group P6222, lattice parameters

a = 4.42758 Å and c = 6.36805 Å, Wyckoff positions

3d (Cr) and 6j (Si)) [12]. The (h,k,l) index of the rings

is presented in the figure. Additional rings formed by

rather weak spots are observed, showing that other

phases have been produced in a minor volume frac-

tion. Figure 4b shows a dark-field TEM micrograph

produced by selecting a spot from the innermost ring

of the SAED pattern. The dark-field micrograph was

taken in the same region as the bright-field ones from

Figs. 4a, b.

It seems worth noting that the Ne implantation at

250 8C induced local crystallization reactions at a

temperature about eighty degrees lower than the

crystallization temperature T = 327 �C expected by

thermal treatments [48]. This phenomenon is typi-

cally expected in ion-implanted/irradiated samples

and is usually interpreted as a radiation-enhanced

phase transformation process [49]. The formation of a

dense array of nanocrystallites is probably connected

to the bubbles and the remaining columnar grain

boundaries, which may act as inhomogeneous

nucleation sites for the amorphous–crystalline phase

transition.

Electrical resistivity measurements

Figure 5 shows the electrical resistivity q measure-

ments as a function of temperature S for the as-de-

posited and implanted samples. The behavior of the

q(T) curve for the as-deposited sample is in good

agreement with previous measurements in CrSi2

[12, 50]. The q(T) curves for the RT Ne and Al

Figure 3 a Cross-sectional TEM micrographs of the CrSi2 sample implanted with Ne at 250 8C; b same sample at a higher magnification;

and c Ne EDX profile as a function of distance in the film.
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implantations present a shift toward lower q values.

The curves show similar temperature dependence to

the pristine deposited film for the measured tem-

perature range from 60 to 330 K.

Al atoms can be considered as acceptor dopants for

CrSi2 [50]. If these atoms become active dopants

within the amorphous lattice, a charge carrier con-

centration is expected to increase within the valence

band and, therefore, decrease film resistivity. This

behavior is indeed in qualitative agreement with our

experimental results. On the other side, as an inert

gas atom, Ne should not behave as a dopant. Nev-

ertheless, the decrease in q values is more pro-

nounced for the Ne than for the Al implantation case.

This behavior seems consistent with the concept that

small defect clusters may become electrically active

and cause the formation of charge carriers as

observed for crystalline semiconducting lattices. This

argument has been previously presented, for exam-

ple, by Saji et al., that report a decrease in q observed

in Bi2Se3 samples after H and He irradiation [51]. Bala

et al. also consider that the reduction in q for Ag-

implanted PbTe samples is caused by electrically

active defects produced during ion implantation [52].

They also show that the decrease in q depends on the

implantation fluence, which correlates with the

buildup of the defect concentration.

Furthermore, Banwell et al. performed Ne, Ar and

Xe irradiations in CrSi2 and obtained a considerable

decrease in q [53]. They also explained the result in

terms of an increase in free carrier concentration that

arises from completely ionized defects produced by

the irradiation. As presented in [54] and [55], the

concept of implantation-induced defects affecting the

carrier concentration in crystals can also be general-

ized to an amorphous lattice considering the forma-

tion of dangling bonds. We can use the same

arguments to explain the resistivity reduction

observed for both the Ne and the Al implantation

cases. Since the damage level for the RT Al implan-

tation is approximately 100 times lower than the Ne

implantation, the corresponding resistivity decrease

seems to be more affected by the Al doping effect. On

the other side, the dangling bonds produced by the

RT Ne implantation reduce the resistivity despite the

bubble system effect. However, if the defects pro-

duced by ion implantation/irradiation processes do

not affect the carrier concentration, the opposite

behavior can be expected. For example, in a recent

study, Tureson et al. have analyzed the influence of

room temperature Mg implantation on the thermo-

electric properties of ScN films [56]. They observed

Figure 4 a SAED pattern

superimposed with the

theoretical planes of crystalline

CrSi2. b Dark-field contrast

micrograph from the same area

shown in Fig. 3a of the CrSi2

sample implanted with Ne at

250 8C.

Figure 5 Electrical resistivity q measurements as a function of

the temperature of as-deposited and implanted CrSi2 samples. The

lines serve as a guide for the eyes. Measurements error bars are

within the symbol size.
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an increase in q and a decrease in j. The increase in q

was explained considering that the defects induced

by the implantation process contribute to scattering

the charge carriers, causing a significant reduction in

their mobility. However, in the case of amorphous

lattices, atomic displacements induced by ion

implantation may not produce lattice defects acting

as efficient scattering centers for charge carriers.

The electrical resistivity values for the Ne implan-

tation at 250 8C are about 70% larger than the as-

deposited film value (Fig. 5). Figure 4 shows that the

Ne implantation causes the formation of a dense

array of randomly oriented nanocrystalline struc-

tures. These nanocrystallites introduce interfaces that

can selectively scatter carriers. The increase in elec-

trical resistivity in partially crystallized CrSi2 thin

films was also observed by Moll et al. [57]. Its

occurrence is also credited to an additional interface

scattering mechanism produced by the presence of

nanocrystallites. We must also consider that the

implantation temperature increases the mobility of

defects produced by Ne ions and can induce their

agglomeration. These defects can reduce the charge

carrier mean free path with a consequent increase in

electrical resistivity. In addition, considering that, if

the average size of the nanocrystals is comparable to

the de Broglie wavelength of the carriers in the

material, the crystallite may effectively act as scat-

tering centers [58]. For CrSi2 samples, the de Broglie

wavelength is k = 5 nm, comparable to the average

crystallite size produced by the 250 8C Ne implanta-

tion. In the present case, we assume, however, that it

is the lattice disorder generated by a high number of

nanocrystallites’ interface regions the main cause for

the increase in electrical resistivity. The same expla-

nation applies to the Al 250 8C case, which presents

similar electric resistivity values (Fig. 5).

Thermal conductivity measurements

Figure 6 shows the effective thermal conductivity

(jeff) measurements obtained with SThM for the ion-

implanted samples. jeff could not be successfully

determined for the as-deposited sample because the

SThM technique presents significant uncertainties

with increasing thermal conductivity values. There-

fore, following the results from Ref. [12], we assume

jeff & 10 W/mK as a reference value for the as-de-

posited film. For each sample, ten point measure-

ments were taken at five different locations. The

effective thermal conductivity of thin films and lay-

ered compounds may be considered a logical exten-

sion of the thermal conductivity, such as for solid,

liquid or gaseous materials [59]. In our case, the

effective thermal conductivity jeff is the thermal

conductivity of the film-on-substrate system (not just

CrSi2); its value includes a contribution from the

25 nm SiO2 film, that from the Si substrate and the

thermal contact resistances between the layers.

When compared to the as-deposited sample

(jeff & 10 W/mK) [12], all the implanted samples

present a significant decrease in the thermal con-

ductivity. The samples implanted at RT present a less

pronounced reduction in thermal conductivity than

their 250 8C counterparts. In the case of the Al

implantation at RT, even though the implanted

atomic concentration is very low compared to Ne at

RT (see Table 1), the formation of defect clusters can

play a dominant role in controlling thermal conduc-

tivity behavior. It has been shown, for example, that

even very low irradiation doses (as low as 0.00032

dpa–displacement per atom) decrease the thermal

diffusivity of self-irradiated tungsten due to the for-

mation of sub-nanometric defects [60]. Furthermore,

the introduction of isoelectronic elements preserves

the crystalline electronic structure while enhancing

electrical conductivity and creating a mass contrast

that disrupts the path of the heat carriers [48, 61]. In

this sense, Perumal et al. showed that the introduc-

tion of Al and Mn as co-substitutors in CrSi2 induces

Figure 6 Thermal conductivity measurements of the implanted

CrSi2 samples. The error bars represent the standard deviation of

the measurements, and the solid black circle represents the mean

jeff value of each sample.
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a decrease in thermal conductivity due to a mass

fluctuation effect from the atomic weight difference

between the solute and solvent atoms [50].

In the case of the samples implanted with Ne, the

critical feature is the presence of Ne bubbles. Bubbles

represent a discontinuity on the solid structure of the

matrix and may act as efficient scattering centers for

the phonons. Therefore, the phononic component of

the thermal conductivity decreases, explaining the

reduction observed on the jeff measurements of these

two samples compared to the non-implanted CrSi2
sample. The samples implanted with Ne and Al at a

temperature of 250 8C present a more significant

reduction in jeff than the RT Ne- and Al-implanted

samples. In these cases, we can assume that the

nanocrystallites formed during the 250 8C implanta-

tions are effective scattering centers for the phonons

and contribute to a more pronounced effect on jeff.

Similarly, Novikov et al. show that nanocrystal

interfaces in stoichiometric CrSi2 thin films largely

contribute to the increase in the electrical resistivity,

which also happens in our case for the 250 8C Ne-

implanted CrSi2 sample (see Fig. 5) but also to the

decrease in the thermal conductivity [58]. For the Al

250 8C case, the combination of the nanocrystallites

and the mass fluctuation effect discussed above could

explain the significant decrease in the thermal

conductivity.

Conclusions

This paper shows that ion implantation induces

substantial modifications on the microstructure,

electrical resistivity q and thermal conductivity j of

amorphous 260-nm-thick CrSi2 films. Al and Ne

implantations performed at room temperature

induce a decrease in both q and j. The decrease of q is

attributed to the introduction of dopants (Al) or of

electrically active irradiation-induced defects acting

as dopants. She decrease in j results from the for-

mation of Ne bubbles acting as scattering centers for

phonons or by creating a mass contrast effect by

incorporating Al in the amorphous matrix. We also

demonstrate the increase in q for Ne and Al

implantations at 250 8C. This is attributed to the for-

mation of a dense array of nanocrystallites that

interfere on the mobility of charge carriers. The

presence of such a dense array of nanocrystallites

also causes the decrease of j.

In a more general way, this work demonstrates that

electrical and thermal conductivity behavior of

amorphous structures can be tailored via ion

implantation or irradiation techniques. This is done

by exploring doping, amorphous to crystalline phase

transitions and irradiation-induced electrically active

defects, providing new possibilities for applications.
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