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Abstract

We investigate sputter deposited amorphous carbon thin �lms modi�ed by energetic 30 keV

gallium ion irradiation. The samples are characterized combining atomic force microscopy

and scanning electron microscopy with Raman spectroscopy measurements. Upon ion ir-

radiation the development of a surface depression is observed, which saturates at a �uence

of 1016 cm=2. In this �uence range a transition in material behavior is observable with dif-

ferent analysis techniques. In addition, a surface smoothing and material hardening was

measured. Stress relaxation as well as a transition from a sp2-rich towards an sp3-rich carbon

hybridization are discussed as possible origin.
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1. Introduction

Ion irradiation is a versatile tool for material modi�cation and is widely used, e.g., within

semiconductor industry, because it is able to modify the surface properties with nanometer

precision [1]. Moreover, the modi�cation of carbon is interesting as a plethora of applications

has its origins in the carbon allotropy. For nanoporous or nanostructured carbon materials5

membrane and catalyst applications are reported [2�4]. In contrast, hard diamond or dia-

mond like carbon coatings are utilized for wear resistance coatings or imprint lithography

mold fabrication [5, 6]. Additionally, carbon is interesting for medical application, as it is non

toxic and biocompatible [7, 8]. In contrast to purely scienti�c investigations of ion irradiation

effects for MeV ions, ion energies of some keV are technologically highly relevant for surface10

and interface re�ning and modi�cation processes [9�11].
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Here, we investigated the impact of 30 keV gallium ion irradiation on sputter deposited

amorphous carbon thin �lms, motivated by the potential applications. The e�ects are mapped

and analyzed by atomic force microscopy (AFM), scanning electron microscopy (SEM), AFM-

based mechanical property mapping as well as Raman spectroscopy. In our study we observe15

a strong material compaction, which is discussed with respect to di�erent models: the forward

sputtering mechanism and irradiation induced defect mediated stress relaxation.

2. Experimental

Carbon thin �lms were produced by sputter deposition at high vacuum conditions using

wet oxidized silicon wafers with an oxide thickness larger than 700 nm as substrates. The20

base pressure of the system was 3× 10=4 Pa or below and the system was �ushed with high

purity argon at a �ow rate of 5 sccm for 5min prior to sputter deposition. The carbon thin

�lms were then deposited via argon plasma DC magnetron sputtering [12] at an average

power of 100W and an argon �ow rate of 15 sccm. The sputtering time was chosen to re-

sult in �lms with a minimum thickness of 300 nm. The subsequent ion irradiation utilized a25

Carl Zeiss Auriga focused ion beam (FIB) using 30 keV gallium ions from an Orsay Physics

COBRA-FIB column and �uences between 1× 1014 cm=2 to 1× 1018 cm=2 were used for ion

irradiation of square areas with length of 10 µm. The samples were aligned for normal ion

beam incidence to achieve maximum penetration depth. The ion beam scanned the sample

line wise with a pixel dwell time of 0.1µs and a resolution of 6144×4608 pixels, such that30

the total time of irradiation results in the desired irradiation �uence at the ion currents

of 2 pA, 5 pA, 50 pA and 600 pA. The samples were analyzed by atomic force microscopy

(AFM) with a Bruker Icon Dimension, by scanning electron microscopy (SEM) with a Carl

Zeiss Ultra 55 and by X-ray di�raction (XRD) measurements and x-ray re�ectometry (XRR)

using a Rigaku Ultima IV and a Seifert XRD 3003 PTS. Both instruments for XRD and35

XRR measurements use CuKα radiation (λ = 0.154 18 nm). The sample root mean square

(RMS) roughness was determined from AFM images with analysis areas between 30µm2 to

90 µm2. The area varied due to the exclusion of large contamination (e.g. dust particles).

For Raman spectroscopy measurements an Olympus IX71 microscope equipped with a Verdi

V5 coherent frequency doubled Nd:YAG laser at 532 nm, a HORIBA scienti�c iHR320 spec-40

trometer and a HORIBA scienti�c synapse CCD camera were used. The laser output power
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was set to 500mW such that after the beam focusing and shaping setup containing optical

�lters, the sample was measured at ≈5mW optical power [13]. With the laser wavelength

and the numerical aperture of the objective lens NA = 0.6 the ideal laser focus diameter is

estimated to 440 nm. The elastic properties were determined by AFM in peak force quanti-45

tative nanomechanical mapping (PFQNM) mode. That is, because the PFQNM mode of the

AFM processes all data on the �y and the measurement software only implements the use

for soft materials 1. The program calculates the modulus using the DMT-model [14] given

by the equation

F = kcδc =
4

3

(
1− νs2

Es
+

1− νc2

Ec

)−1

·
√
R · δs3 + Fadh (1)

with the force F , the adhesion force Fadh, the cantilever spring constant k, the Poisson ratio50

ν, Young's modulus E, tip radius R, deformation δ and the indices c and s denoting the

cantilever and sample respectively. However, the implementation for soft materials assumes

Ec → ∞, which does not hold for hard materials. Therefore, this was manually corrected

for the measurements using a �nite Ec for calculation of the modulus Es. The measurement

of hard materials requires sti� cantilevers, and thus uncoated silicon cantilevers of type SD-55

T7L100SPL from NanoWorld AG having an nominal sti�ness of kc = 700 N m−1 were chosen.

The tip was worn prior to measurement for at least 30min to reduce tip wear e�ects during the

measurement as demonstrated in previous contact resonance AFM studies [15, 16]. In order

to determine the tip radius, a reference sample of Si(100) was measured and the equivalent

tip radius was calculated to 99 nm. The elastic modulus of 170GPa for Si(100) was used60

in all calculations [17]. The errors given for PFQNM measurements are full width at half

maximum values of the modulus distribution function. From the physical perspective the

measurement is limited by the probe's tip sti�ness. For soft samples with Es � Ec the elastic

modulus quanti�cation is directly possible. The elastic modulus of sti�er samples (Es ≈ Ec)

is usually underestimated and the error increases. For very sti� samples (Es � Ec) careful65

consideration of the measurements is required, however, such sti� materials still yield high

elastic moduli allowing for a qualitative assessment on comparative basis within the same

1While this is not a physical problem itself, it remains di�cult in experiments as devices ship with
proprietary software with limited con�guration options.
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Figure 1: AFM measurement carbon irradiated at a �uence of 1017 cm=2. The irradiated area is visible in
the middle, surrounded by unirradiated material. For the irradiated area a depression is clearly visible and
the smoothness can be observed.

measurement.

3. Results

The as-deposited carbon thin �lms exhibit a granular surface structure with typical lateral70

dimensions below 100 nm observed in SEM analysis and a surface roughness of 2.8 nm as

determined by AFM measurements. A density of 1.6 g cm=3 for the as-deposited �lm was

obtained by XRR measurement, which is low compared to other carbon materials, e.g.,

graphite with 2.3 g cm=3 or diamond with 3.5 g cm=3, but in good agreement with previous

research [18]. The �lms showed no crystallinity in XRD measurements in the interesting75

range between 10◦ to 60◦ neither in an ordinary 2θ/θ-measurement nor in a grazing incidence

di�raction scan and are hence considered fully amorphous.

The �uence range for ion irradiation was chosen to be as large as possible. We found

that no measurable material change was induced for �uences below 3× 1014 cm=2. On the

other hand, the �lm thickness limits the highest irradiation �uences. For �uences above80

3× 1017 cm=2 the �lm was completely sputtered o� the silicon substrate. As a conse-

quence the sample treatment and subsequent analysis was limited to the �uence range from

3× 1014 cm=2 to 3× 1017 cm=2.

3.1. Surface morphology measurements

After ion irradiation the carbon thin �lm surface topography was measured by AFM85

(Fig. 1) and the di�erence of surface height between irradiated and non-irradiated area is

called step height hereafter and displayed in Fig. 2a. The step height was extracted from
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(a) AFM step height analysis. Measured data of a
surface depression upon ion irradiation is depicted
(full symbols) as well as a calculated sputtering be-
havior (solid line). For the measurements three
regimes are visible, a logarithmic decrease for �uence
below 1× 1016 cm=2 (regime A), a plateau between
1× 1016 cm=2 to 1× 1017 cm=2 (regime B), and a
linear decrease above 1× 1017 cm=2 (regime C). A
independence of FIB current is observed as irradia-
tions with di�erent currents align very well.
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(b) Surface roughness as extracted from AFM mea-
surement. A slight decrease in surface roughness oc-
curs below 1× 1016 cm=2, but the surface morphol-
ogy stays unchanged as seen in SEM investigations.
Exceeding 1× 1016 cm=2 a signi�cant drop of surface
roughness is observable. The area in which rough-
ness was evaluated was between 30µm2 to 90 µm2

and the typical error is indicated for one measure-
ment. The lines are guides to the eye.

Figure 2: AFM investigations of ion irradiated carbon.

AFM measurements by the evaluation of the height distribution function. It is clearly visible

that a depression of the irradiated areas occurred for all �uences. Moreover the irradiations

with di�erent FIB currents align very well, showing that the process is current independent90

and no e�ect related to irradiation heating a�ects the process. Thus, di�erent currents

can be applied in order to reach irradiation �uences over three orders of magnitude. In

addition to the measurement values (full symbols), a linear dependence as expected for

sputtering is displayed (solid line). Comparing the measurements to the aforementioned

linear dependence, we assign three di�erent regions: A) a logarithmic decrease of step height95

below 1016 cm=2, B) a saturation regime between 1016 cm=2 to 1017 cm=2, and C) a linear

regime above 1017 cm=2. In combination with the step height evolution we also consider the

surface morphology development indicated by the surface' RMS roughness given in Fig. 2b.

It is apparent that the surface roughness decreased abruptly on the transition from regime A

to B with a decrease in RMS roughness by more than 0.5 nm. It is notable that this abrupt100

transition matches the transition between regime A and B of the step height measurements

(Fig. 2a) and thus clearly indicates that some process a�ects the surface of the material
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strongly reaching �uences of ∼1016 cm=2.
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Figure 3: Power spectral density function (PSDF) of samples within regime A and B exemplary. For wavenum-
bers k > 0.05 nm−1 samples from regime A show a dependence∼ 1

k4 and samples from regime B approximately
a dependence ∼ 1

k .

The transition in surface morphology was also observed within an analysis of the power

spectral density function (PSDF) between regime A and B. In general, the PSDF was always105

larger for samples of regime A compared to regime B (Fig. 3). More interesting, for wave

numbers k > 0.05 nm−1 the samples in regime A show a dependence ∼ 1
k4
, but the samples

in regime B exhibit a dependence ∼ 1
k
, that are commonly related to surface di�usion and

plastic deformation, respectively [19].

3.2. Raman spectroscopy measurements110

Our Raman spectroscopy investigations aim to detect changes of the bonding structure

and especially the evolution of the sp3 content of the material. Within various previous inves-

tigations on disordered carbon materials the G-peak wavenumber maximum (∼1580 cm=1) is

reliably correlated to di�erent e�ects such as sp3-to-sp2-ratio or material stress [20, 21], such

that we �rst analyze the G-peak wavenumber. The �uence dependent G-peak wavenumber,115

given in Fig. 4a, reveals di�erent trends for the same regimes A and B discussed above and

are thus in agreement with the AFM investigations. The G-peak frequency shifts to lower

values from 1595 cm=1 to 1563 cm=1 with increasing �uence in regime A and then increases

to 1586 cm=1 with increasing �uence in regime B.
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Figure 4: Raman investigations of ion irradiated carbon. The lines are guides to the eye and the error bars
indicate �t accuracy.

The D- and G-peak analysis resulted in a very good agreement for Raman lines between120

1200 cm=1 to 2200 cm=1. However, a systematic deviation within all measurements was found

between 900 cm=1 to 1200 cm=1, which was accounted for by an additional Gaussian peak

centered at 1060 cm=1 close to the interval center, which we call T-peak (see discussion �4).

Consequently, the intensity ratio I(T )
I(G)

can be calculated and is given in Fig. 4b. The I(T )
I(G)

-ratio

shows a monotonic increase from 0.06 to 0.54 with increasing �uence from 3× 1014 cm=2 to125

7× 1016 cm=2 and does not show a transition at 1016 cm=2. The outlier measurement value

at 1017 cm=1 can be explained by the decreased overall Raman signal intensity and hence

increased analysis uncertainty with increasing irradiation �uence (see inset Fig. 4a) or by a

slight laser misalignment during this measurement. As the signal intensity for the Raman

peaks of carbon are too weak for proper evaluation above 1017 cm=2, the measurements at130

these �uences were excluded from the evaluation.

3.3. Mechanical properties

Carbon is known as an element to show an extreme range of elastic moduli [22, 23] be-

tween 1076GPa for diamond with 3.5 g cm=1 and 32GPa for glassy carbon with densities

below 2.0 g cm=1, depending on the bonding con�guration. Therefore, elastic modulus mea-135

surements of the material were performed as complementary method to support the above
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Figure 5: Measurement of the elastic modulus with PFQNM method at AFM. Next to the data for carbon
(full circles) the measurements of the Si reference (open squares) are given. All irradiated samples show an
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�ndings of the Raman spectroscopy measurements and their interpretation.

The modulus measurements including the unirradiated reference samples and calibration

measurements are shown in Fig. 5. Within the measurements one observes, that all irradiated

samples show an increased modulus compared to the as-deposited �lms. The average modulus140

of the as-deposited �lms is 42GPa which was consistently measured at di�erent sample

positions within the measurement error and compares to literature values of 32GPa [22, 23].

For samples with irradiation �uences around 1015 cm=2 (regime A) only a slight increase of

the modulus of about 45% was observed. In contrast, the modulus is increased by at least a

factor of three for samples approaching and exceeding 1016 cm=2 (regime B). The large errors145

for the high moduli are a result of the above discussed limitations of the technique, however,

the modulus di�erences are large enough to be signi�cant.

4. Discussion

4.1. Morphology

Starting with the discussion of regime A, the observed surface depression (Fig. 2a) is150

attributed to a material compaction. Material compaction upon ion irradiation was reported

before for low density phases of various material systems, such as silica [24, 25]. With the

observation of a low density for our as-deposited �lm of only 1.6 g cm=3, we conclude that

material compaction is plausible when expecting an ion beam induced relaxation towards a
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denser and more stable material con�guration. The low density of our as-deposited �lms155

originates from the synthesis method, i.e., sputtering deposition at low temperatures. In

accordance with the structure zone model [26] the �lms grow in amorphous porous network

structures containing voids.

Ion irradiation of the material causes displacements and disorder to be introduced, which

drives it out of equilibrium and, at the same time, energy is deposited enhancing processes like160

di�usion [27] or viscous �ow [28, 29] enabling a more rapid relaxation towards an equilibrium.

The energy deposition in the material by the primary ion is mainly caused by nuclear stopping

(εn = 1.42 keV nm−1). And as the electronic stopping is small (εe = 0.22 keV nm−1) at the

given ion energy [30], we only discuss mechanisms relying on the nuclear displacements. The

material modi�cation with ions may be regarded as a complex interplay of di�erent driving165

and relaxation mechanisms of which forward sputtering, capillarity and internal stresses, as

well as viscous �ow and di�usion are discussed below.

The atomic peening or forward sputtering model [31] describes atomic displacements with

a preferential displacement vector in direction of the primary ion, such that the atoms will be

incorporated in the underlying material layers and consequently increase the average material170

density in this layer. Forward sputtering therefore promotes a material transport towards

deeper material layers and densi�es these layers. With the synonymous name atomic peening

the process is often applied to surface atoms, as it is expected that the forward sputtering is

the most likely in the near surface layer of the material, where the primary ion still possesses

the major part of its momentum in the direction of the incident ion beam. When atomic175

peening is taking place at the surface, a severe change of surface morphology may also be

observed. Within our experiments the surface morphology only changes slightly within regime

A. However, the peening process can also occur within the bulk material, making e�ects on

the surface small. While the classical sputtering process or atomic displacement events follow

a linear dependence on �uence, such dependence only holds as long as successive events are180

independent, i.e., the material has no memory of the previous events. This is not the case for

bulk irradiation, where damage remains in the material and adds up with subsequent events.

In such a case, a damage accumulation up to a maximum total damage occurs, so that the

damage rate decays and a logarithmic decrease can be expected, when plausibly assuming a

random process for ion irradiation.185
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Growing �lms at low temperatures yields low thermal stresses, but intrinsic stresses of

tensile nature are expected to be large [31]. Average tensile stresses of 3GPa have been

reported for amorphous carbon �lms, but the stress distribution is expected to be non homo-

geneous with local compressive and tensile stresses up to ∼40GPa [32]. Additionally, small

voids (r < 5 nm) may be present in the as-deposited layer, for which capillarity induced by190

the surface tension results in a (negative) pressure. The pressure ∆p due to the surface cur-

vature R can be estimated with the Young-Laplace-equation2 for a spherical object reading

∆p = 2γ
R
with the surface tension γ. While the surface tension is di�erent from the surface

free energy [33], the surface tension is generally di�cult to measure. Thus, the surface free

energy will be used as an estimate, motivated by the fact that we consider a case where plastic195

deformation is probable. The surface free energy for amorphous carbon �lms was reported in

the range of 33mNm=1 to 56mNm=1 with commonly given average of ∼40mNm=1 [34�36].

A pressure due to capillarity of =80MPa is then calculated assuming a pore radius of 1 nm.

Nevertheless, does this e�ect contribute to a overall tensile stress in the material. When

a stress relaxation is now induced, the material will relax into a denser state, leading to a200

volume decrease and material compaction.

Macroscopically, irradiation induced di�usion [27] and irradiation induced viscous �ow

[28, 29] contribute to stress relaxation. Microscopically, both mechanisms rely on defect

creation and migration within the material. Therefore, the two macroscopic e�ects might

not be discerned on the atomistic scale and are discussed in view of defect generation and205

migration as follows. For a defect generated in amorphous covalent materials due to the

displacement of an atom by the ion irradiation, it was shown that the interstitial relaxes into

the amorphous matrix rapidly, while the vacancy has a longer life time [37, 38]. Additionally,

severe stress relaxation upon defect generation is known to occur for metal and semiconductor

thin �lms upon ion irradiation [29, 38]. On an atomistic scale, the interstitials create a210

local compressive stress �eld which counteracts the tensile stresses in the matrix and, more

importantly, induces stress relaxation by atomic rearrangements. As a consequence, the

vacancies also mainly contribute to the stress relaxation, as they, e.g., mediate the viscous

�ow as e�ectively as interstitials [28]. Comparing our AFM measurements to previous studies

of the stress relaxation in thin metal �lms [29], we �nd a quite similar behavior with a strong215

2sometimes also called Gibbs-Thomson-equation

10



logarithmic decrease for the start of the irradiation, which saturates at some �uence, when

all stresses are relaxed, i.e., at a �uence of 1016 cm=2 in our case.

Relaxation processes driven by the irradiation induced defects will be the most pronounced

slightly below3 the projected range of 32.2 nm for 30 keV gallium in 1.6 g cm=3 carbon, as cal-

culated by SRIM [30]. Starting at around 32 nm depth a compacted material layer will build220

up. In consequence the increased material density leads to a reduced projected range, e.g.,

only 15.5 nm in 3.5 g cm=3 carbon. With the shift in projected range a new formerly less mod-

i�ed layer closer to the sample surface is now being altered and the compacted region will

gradually expand towards the sample surface. Eventually, the compacted material reaches

the sample surface at 1016 cm=2 and the samples surface morphology changes signi�cantly225

in regime B indicated by an abrupt surface roughness decrease (see Fig. 2b). The surface

morphology is then no longer given by the as-deposited porous structure, instead, it is deter-

mined by the compacted material phase, showing a very smooth surface with a root mean

square (RMS) roughness between 1.4 nm to 0.9 nm. At the same time the transition of the

PSDF from a ∼ 1
k4

to a ∼ 1
k
dependence indicates a transition of the strongest surface relax-230

ation mechanism from surface di�usion to viscous �ow [39]. Moreover, no further material

relaxation will be induced upon ongoing irradiation, as all material reached by the ion beam

is already modi�ed, so that the formation of a depression will stop in regime B.

Within regime B a condition is reached were the surface remains unchanged, which is

surprising, because sputtering is expected to become signi�cant for increasing �uence, i.e.,235

the expected sputtering is calculated [30] to contribute to the depression with 6 nm or more

for a �uence of 1017 cm=2 while contributing only with 0.6 nm at a �uence of 1016 cm=2.

With the experimentally observed stagnation of step height decrease in this regime we can

also exclude a non-linear sputter yield increase due to gallium incorporation or morphology

change for the depression forming in regime A, as such an e�ect should prevail or increase for240

increasing �uence, making a stagnation of the step height decrease implausible. In any case,

the sputtering yield was reported to decrease for the addition of big surfactant atoms on silicon

[40]. Furthermore, even assuming a �uence dependent sputtering with linear dependence of

sputter yield on �uence [41], would only yield a quadratic decrease of step height with �uence

and cannot describe the observed logarithmic behavior in regime A. Therefore, we conclude245

3More precise at the maximum of the vacancy distribution.
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that an increased non-linear sputtering can be neglected when considering the depression

development within regime A.

The stabilization of the step height plateau in regime B is probably the most elusive feature

of the observed behavior for the ion irradiation of the carbon thin �lm. The aforementioned

processes were discussed to lead to a step height decrease upon increased irradiation �uence,250

which is certainly true for material sputtering at all �uences. However, the introduction

of defects in the material is more subtle and causes di�erent processes. While it has been

discussed before that the generated defects allow relaxation of intrinsic stresses at low �u-

ences, generated defects also introduce stresses in the material themselves. Therefore, after

stress relaxation by the initial irradiation (at 1016 cm=2), a continued irradiation will build255

up new stresses because the interstitials in particular introduce a high excess volume. The

introduction of excess volume, however, leads to a material swelling and thus to a step height

increase, which can be observed for, e.g., diamond material [42, 43]. This process is often

discussed within the framework of nanoporous structure generation in amorphous materials

under heavy ion irradiation ([38], and references therein) and is thus not described here in260

detail. Still, it remains to be pointed out that the defect induced swelling process has a con-

dition speci�c threshold and saturation �uence and is thus only operational within a certain

�uence regime. From our measurements we conclude that this regime is between ∼1016 cm=2

to ∼1017 cm=2 for our system and the swelling behavior therefore counteracts the depression

formation via the sputtering process within regime B leading to the plateau observed.265

Finally, when the above discussed defect induced material changes all reached a steady

state condition, the material sputtering is the dominating e�ect, as seen within regime C

until the entire carbon thin �lm is removed.

4.2. Raman spectroscopy measurements

The material compaction and stress relaxation is likely linked to a signi�cant change270

in bonding structure from a sp2-network towards a sp3-rich material which, in turn, ex-

hibits properties like high density and sti�ness, commonly seen for diamond like carbon

[44, 45]. As various previous investigations on disordered carbon materials correlate the

G-peak wavenumber maximum (∼1580 cm=1) to di�erent e�ects such as sp3-to-sp2-ratio or

material stress [20, 21], we �rst focus on the discussion of G-peak wavenumber shift.275

The decrease of G-peak wavenumber in regime A (Fig. 4a) is attributed to the above
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described ion irradiation induced stress relaxation. Raman G-peak shifts were reported pre-

viously for stressed materials to be of the same magnitude, with the stressed states exhibiting

the higher wavenumbers [46, 47]. Within these investigations compressive stresses were stud-

ied, however, a tensile stress is expected to cause a wavenumber increase, too. This can280

be explained in view of the phonons acting close to the minimum of the Lennard-Jones po-

tential as a model system for atomic interaction potentials. Therefore, �lm stresses, both

compressive and tensile, lead to an increased e�ective spring constant and thus to an in-

creased frequency for phonon vibrations, as they move the equilibrium position out of the

minimum of the potential. The G-peak wavenumber shift happens on a logarithmic scale,285

which is in agreement with the AFM measurements, when considering that the G-peak shift

correlates linearly with the material stress [47]. The shift to higher values within regime B

can be understood in two ways. On the one hand, it can be induced by increased compressive

stresses as discussed above. On the other hand, a shift to higher values was also reported for

the transition from amorphous carbon (a-C) to tetrahedral amorphous carbon (ta-C), which290

is accompanied by a large increase of sp3 content [48]. At closer inspection, both descriptions

can be seen as equivalent, as the transition from a-C to ta-C is accompanied by the occur-

rence of compressive stresses [49]. For these reasons, the shift to higher values of G-peak

wavenumber within regime B indicates a material transition towards a sp3-rich material.

A T-peak originating from sp3-bond vibrations was reported in ta-C for the very wavenum-295

ber of 1060 cm=1, and the I(T )
I(G)

-ratio was correlated to the sp3 content of the material [45].

Hence, our peak at 1060 cm=1 was identi�ed as T-peak contribution and the I(T )
I(G)

-ratio given

in Fig. 4b can be utilized as a measure of the sp3-content. The monotonic increase of I(T )
I(G)

-

ratio implies an increased sp3 ratio with increased irradiation �uence. Assuming applicability

of the correlation between I(T )
I(G)

-ratio and sp3 fraction given by Ferrari and Robertson [21],300

the sp3 ratio in our samples can be estimated to increase from below 20% to over 80%. Con-

sidering the synthesis of our samples and assuming a monotonic relation for the correlation

between I(T )
I(G)

-ratio and sp3 fraction also outside the regime studied by Ferrari and Robertson,

we estimate that the sp3 fraction of the as-deposited samples is insigni�cantly small, but is

reaching 60% when approaching a �uence of ∼1016 cm=1 and further increases up to ≈85%305

at higher �uences.
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4.3. Mechanical properties

A material compaction and increased sp3-content leads to an increased material sti�ness,

as seen for ta-C [44], such that the measurements of the mechanical properties can be seen as

complementary to the Raman spectroscopy investigations. The signi�cantly increased elastic310

modulus induced by ion irradiation (Fig. 5) is therefore in good agreement with the results of

the AFM and Raman spectroscopy measurements and con�rms the presence of a compacted

and strongly sp3-bonded carbon surface layer. The increase is especially pronounced above

�uences of ∼1016 cm=2 where a notable contribution (≥60%) of the sp3-content exists and

the material is compressively stressed, according to our aforementioned Raman spectroscopy315

investigations.

5. Conclusions

Summarizing our results for the 30 keV gallium ion irradiation of the amorphous carbon

thin �lms, we observe a pronounced material compaction together with a surface smoothing

and material hardening. A transition in material behavior occurs at a �uence of 1016 cm=2,320

seen consistently with di�erent, complementary analysis techniques. Our AFM and Raman

spectroscopy measurements can be interpreted as a material compaction and relaxation of

tensile stress below 1016 cm=2, as well as a compressive stress generation accompanied by a

transition from a mainly sp2-hybridized network towards a sp3-rich material above 1016 cm=2.

In agreement with the increasing sp3-content and compressive stress, a signi�cant material325

hardening, resulting in �lms with an elastic modulus comparable to Si(100) or exceeding

it, was found above 1016 cm=2. A material swelling as a relaxation process for compressive

stress, counteracts the expected material sputtering within the �uence regime of 1016 cm=2

to 1017 cm=2.

Di�erent processes were discussed to be responsible for the material behavior, including330

atomic peening and the defect driven relaxation of intrinsic stresses originating from �lm

growth. Furthermore, our surface morphology analysis suggests surface di�usion and vis-

cous �ow, to be primary surface relaxation mechanisms within the di�erent regimes. From

our experiments we therefore conclude that the ion irradiation induced defect generation,

annihilation and migration are key processes for the material behavior under ion irradiation.335
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