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Abstract 

Amorphous carbon films are deposited employing high power impulse magnetron 

sputtering (HiPIMS) at pulsing frequencies of 250 Hz and 1 kHz. Films are also 

deposited by direct current magnetron sputtering (dcMS), for reference. In both 

HiPIMS and dcMS cases, unipolar pulsed negative bias voltages up to 150 V are 

applied to the substrate to tune the energy of the positively charged ions that 

bombard the growing film. Plasma analysis reveals that HiPIMS leads to 

generation of a larger number of ions with larger average energies, as compared 
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to dcMS. At the same time, the plasma composition is not affected, with Ar+ ions 

being the dominant ionized species at all deposition conditions. Analysis of the 

film properties shows that HiPIMS allows for growth of amorphous carbon films 

with sp3 bond fraction up to 45% and density up to 2.2 gcm-3. The corresponding 

values achieved by dcMS are 30% and 2.05 gcm-3, respectively. The larger 

fraction of sp3 bonds and mass density found in films grown by HiPIMS are 

explained in light of the more intense ion irradiation provided by the HiPIMS 

discharge as compared to the dcMS one. 
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1. Introduction 

Diamond-like carbon (DLC) is a metastable form of amorphous carbon containing 

a significant fraction of sp3-hybridized bonds [1] which give rise to high hardness, 

chemical inertness, and optical transparency [1]. Due to these attributes, DLC 

films are widely used for surface protection in cutting tools [2;3], magnetic 

storage discs [4], biomedical devices [5-6], antireflection coatings, and optical 

sensors [7]. Various mechanisms have been proposed in order to describe the 

formation of sp3 bonds in DLC films [1,8-11]; among them, the most accepted 

view for amorphous carbon films without significant hydrogen incorporation is 

that the sp3 formation is triggered by subsurface densification generated by 

subplantation of energetic deposited species [1, 9-11]. In plasma assisted 

physical vapor deposition (PVD) techniques, the energetic species are 

predominantly inert gas (Ar+) and target-based (e.g. C+) ions, and their kinetic 

energy can be controlled by the use of substrate bias voltage. Owing to this fact, 

PVD techniques which are able to provide relatively large fluxes of ions at the 

substrate, such as filtered cathodic arc (FCA) and pulsed laser deposition (PLD), 

have been shown to allow for growth of DLC films with sp3 fractions larger than 

80 % [1]. The above mentioned highly ionized PVD techniques, although 

successful on a laboratorial scale, suffer from relatively low deposition rates 

(PLD) [12] and lateral inhomogeneity (PLD, FCA) [13,14]. This severely 

challenges their feasibility for industrial scale applications. On the other hand, 

magnetron sputtering (MS) based techniques are widely employed in industrial 

processes due to their conceptual simplicity and their ability to deposit uniform 
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films with relatively high rates. However, magnetron sputtering plasmas (in dc, 

pulsed and rf configuration) are characterized by relatively low electron densities 

(in the order of 1015 m-3) and low degrees of ionization (in the order of a few %) of 

both gas and sputtered species [15]. This, in the case of amorphous carbon 

films, has been shown to lead to the growth of films with sp3 bond fractions 

significantly lower than those achieved by FCA and PLD, e.g. up to 45% in rfMS 

[16]. 

 

It is therefore evident that there is need for a sputtering-based technique which is 

able to provide energetic bombardment conditions necessary for deposition of 

DLC films with sp3 contents achieved by state-of-the-art ionized PVD techniques. 

High power impulse magnetron sputtering (HiPIMS) is a newly developed ionized 

PVD technique [17] that could meet the requirements mentioned above. In 

HiPIMS, the power is applied to the target in short (tens to hundreds of µs) 

unipolar pulses of low duty cycle (<10%) and frequency (<2 kHz) [18,19]. 

Depending on the pulse parameters (i.e. duty cycle and frequency) power target 

densities during the pulse on-time (also referred to as peak target power density) 

from several hundreds of Wcm-2 up to several kWcm-2 can be achieved. At the 

same time, the average target power density is maintained at the level of several 

Wcm-2 which is typical for conventional magnetron sputtering processes (e.g. 

dcMS) [18,19]. The high values of peak target power density result in generation 

of plasmas with densities between 1017 and 1019 m-3 [20] much higher than the 

typical values observed in dcMS plasmas in the range 1014 to 1016 m-3 [15]. The 
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high plasma densities, in turn, have as a consequence high degrees of ionization 

of both gas and sputtered species (peak values up to 90% for Ti [21]) and peak 

substrate ion current densities up to three orders of magnitude higher than those 

obtained in dcMS processes [17]. These plasma conditions have been shown to 

enable deposition of ultra-smooth and dense films [22,23], allow for control over 

the film microstructure [24,25] and phase composition [26-28], and lead to films 

with superior mechanical [29] optical [28], and electrical properties [30,31]. As far 

as it concerns DLC, Bugaev et al. [32] and DeKoven et al. [33] have reported 

results on growth of amorphous carbon films by HiPIMS which indicated sp3 

fractions up to 45 % as estimated by Raman spectroscopy measurements. 

However, there is so far in the literature no attempt to define deposition 

conditions during HiPIMS that would allow for growth of high sp3 content DLC 

films comparable to those obtained by state-of-the-art ionized PVD techniques. 

Towards realizing this goal, in the present study, we grow amorphous carbon 

films for a variety of conditions in the HiPIMS parameter space and employ 

analytical tools to elucidate the process-plasma relationships during film growth. 

This information is utilized to understand the effect of the process parameters on 

the film bonding properties and explore the feasibility of HiPIMS for the 

deposition of DLC films.  

 

2. Experimental procedure 

Amorphous carbon films were deposited on 2 inch p-type (B doped) Si (100) 

substrates (resistivity 1-20 cm) by HiPIMS and dcMS, for reference. The 
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substrates were placed on a stainless-steel holder water-cooled at room 

temperature. Depositions were performed from a 90 mm in diameter and 3 mm in 

thickness graphite (99.995 % purity) target operated at a constant average power 

of 60 W in an Ar atmosphere with a pressure of 1.8 Pa at 70 mm target-to-

substrate distance. The magnetic field strength in the center of the target surface 

was ~550 G. For the HiPIMS experiments, unipolar power pulses were applied to 

the target using a MELEC 1000A pulsing unit fed by an ADL dc generator. The 

same experimental arrangement was also used for the dcMS depositions. The 

time-dependent current and voltage during the HiPIMS process were measured 

using a LEM-205-S current and ELDITEST GE 8115 voltage transducers, 

respectively, and monitored in a Tektronik TDS 2014B digital oscilloscope. It is 

known that in HiPIMS and for a given average target power and working 

pressure, the choice of the pulse duty cycle and frequency affects the value of 

the peak target power (or current) [19]. This value, in turn, has implications on 

the plasma density and ionization [19]. In order to provide the growing film with 

different ion fluxes, unipolar pulses with a width of 50 µs and frequencies (f) in 

the range between 250 Hz and 1 kHz, corresponding to duty cycles in the range 

1.25 to 5%, were used. Furthermore, the energy of the ionized species impinging 

onto the substrate was varied by applying negative unipolar pulsed (pulse width 

and repetition frequency 5 µs and 100 kHz, respectively) bias voltages up to 150 

V using an ENI generator.  
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The effect of the process parameters on the plasma chemistry and energetics 

was investigated by means of energy-resolved mass spectrometry. The mass-

energy analyzer PPM 422 (Pfeiffer Vacuum) was employed for the 

measurements. The distance between the target and the grounded mass-energy 

analyzer sampling orifice was 70 mm and the orifice diameter was 100 μm. 

Information regarding the ion nature was obtained by performing mass-to-charge 

measurements at the most probable energy of the dominant ions (Ar+) 

corresponding to the plasma potential. Subsequently, ion energy distribution 

functions (IEDFs) of the ions identified in the plasma were measured to quantify 

their energy. Furthermore, the IEDFs were integrated over the scanned energy 

range and the ratios of the individual species’ integrated intensities to the total 

integrated intensity of all IEDFs were calculated. These ratios were in turn used 

to unravel relative changes of the plasma composition as a function of the 

deposition conditions. 

 

The film density and thickness were determined by means of X-ray reflectometry 

(XRR). The XRR measurements were performed in a Bruker D-8 instrument 

equipped with a special reflectivity sample stage and a Goebel mirror. The XRR 

data have been analyzed using the procedures described in Ref. [34]. The film 

thickness (obtained by XRR) was divided by the deposition time to calculate film 

deposition rate. The latter quantity was found to be about ~1,5 nm/min for all 

deposition conditions. Auger Electron Spectroscopy (AES) was employed to 

determine the fraction of sp3 bonds in the films. The AES measurements were 
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performed in an ultra-high vacuum (<510-8 Pa) system by PHI using a 1 keV 

primary electron beam for excitation. The backscattered electrons and the 

emitted Auger electrons were selected using a cylindrical mirror analyzer (CMA-

PHI) and detected with a channeltron. The energy resolution of that analyzer had 

a ΔE/E ratio of 0.6%. The sp3 content of the films have been determined by AES 

from the broadening of the CKVV (or equivalent CKLL) peak [35-37]. 

 

3. Results and discussion 

3.1. Plasma properties 

Mass-to-charge scans at constant energy (not presented here) revealed the 

presence of Ar-, C- and H2O-related ionized species at all deposition conditions. 

The IEDFs recorded during dcMS and HiPIMS (frequency f=250 Hz) for Ar+, C+ 

and H2O
+ species are plotted in Fig. 1 (a), (b) and (c), respectively. It can be 

seen that dcMS gives rise to IEDFs with a most probable energy of ~1 eV and 

width of several eV. Irrespective of the species probed, the implementation of 

HiPIMS does not affect significantly the position of the most probable energy in 

the IEDFs whereas it leads to high energy tails up to ~50 eV. Moreover, the 

maximum intensity of the IEDFs recorded for the HiPIMS process is larger by a 

factor of ~10 than that obtained for dcMS. The same qualitative trends (i.e. larger 

intensity and high energy tails) are also observed when comparing the IEDFs 

recorded for the HiPIMS process with a frequency f=1 kHz (not shown in Fig. 1) 

to dcMS. The relative integrated intensities of the IEDFs for various species for 

dcMS and HiPIMS at pulsing frequencies of 1 kHz and 250 Hz are plotted in Fig. 
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2 (a), (b) and (c), respectively. It is seen that in all discharges, the relative 

integrated intensity of Ar+ IEDF is dominant with values ranging from 85 to 90%. 

The remaining fraction of 10 to 15% corresponds to C+, Ar2+, Ar2
+, H2O

+ and 

H3O
+ ions. The values of the relative integrated intensities do not undergo 

significant changes among the various deposition conditions. On the contrary, 

the deposition conditions have implications for the total integrated intensity. The 

latter increases from ~9x105 counts in dcMS to ~2.3x106 counts in HiPIMS 

(pulsing frequency f=1 kHz) as shown in Fig. 2 (a) and (b), respectively. The 

decrease of the pulsing frequency to 250 Hz results in a further increase in the 

total integrated intensity to ~3x106 counts (Fig. 2 (c)). This is accompanied by an 

increase in the peak target power from 1.5 to 9.5 kW. It is worth noting that C+ 

ions constitute ~1% of the total integrated intensity at all deposition conditions. 

This value is considerably lower than the values of ~50% or larger measured for 

other Ar-metal HiPIMS discharges [19]. This fact implies that HiPIMS is not as 

efficient in ionizing C which is in qualitative agreement with experimental reports 

[33] and model predictions [38,39]. This behavior can be explained by the 

relatively high ionization potential and the relatively low electron impact ionization 

cross section of C compared to most metals [40]. Thus, at the conditions 

employed in the present study, the implementation of HiPIMS for sputtering a C 

target does not lead to an increase of the fraction of ionized sputtered species in 

the deposition flux compared to dcMS. The difference between the two 

techniques lies on the fact that HiPIMS allows for a larger total ion flux (mainly 

consisting of Ar+ ions) of larger average energy as manifested by the larger 
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integrated intensities and broader IEDFs in Fig. 2 and 1, respectively. 

Furthermore, the increase of the peak target power (by decreasing the pulsing 

frequency) enables one to maximize the plasma ionization degree and thus the 

total ion flux towards the growing film.  

 

3.2. Film properties 

The effect of the negative bias potential (Vb) applied to the substrate on the sp3 

fraction in the a-C films deposited in the current study is presented in Fig. 3. It is 

seen that in the case of HiPIMS deposited films, an increase of Vb up to a value 

of 50 V results in an increase of the sp3 content in the films followed by a 

decrease at larger Vb values. This trend is in qualitative agreement with results 

obtained by other PVD techniques, such as PLD [41], FCA [42] and rfMS [16] 

which are reproduced for reference in Fig. 3. In the case of dcMS grown films, a 

continuous increase of the sp3 content up to a Vb value of 90 V is observed. One 

reason for the formation of sp3 bonds in amorphous carbon films is the 

densification caused by subplantation of energetic species [1]. The mass density 

of the a-C films grown by dcMS and HiPIMS as a function of Vb is plotted in Fig. 4 

along with published results from PLD grown films [12]. The film density initially 

increases with increasing Vb followed by a decrease. In addition, the maximum 

value achieved by HiPIMS (~2.2 gcm-3) is larger than the corresponding dcMS 

value (~2.05 gcm-3) and considerably smaller than that in PLD (larger than 3.0 

gcm-3) [12].  It is therefore evident from the results presented in Figs. 3 and 4 that 

the evolution of the fraction of sp3 bonds in our films is consistent with the 
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predictions of the densification model [1]. According to this model the initial 

increase in the sp3 content is a result of the subplantation-induced densification, 

while the decrease at larger Vb values is due to relaxation caused by the excess 

of energy provided to the growing film [9]. Furthermore, the differences in the 

changes of the sp3 content as a function of the substrate bias voltage between 

HiPIMS and dcMS grown films are consistent with the IEDFs presented in Fig. 1. 

The broader IEDFs recorded for the HiPIMS discharges imply, on average, larger 

ion energies. Thus a smaller bias potential is required to provide ions with 

necessary energy for subplanation and sp3 formation. Moreover, the maximum 

sp3 bond fraction achieved by HiPIMS (~45 at-% for a pulsing frequency of 250 

Hz) is larger than that obtained by dcMS (~30 at-%). This can be explained by 

the larger total ion flux available during HiPIMS growth as manifested by the 

larger total integrated ion intensity in Fig. 2. It is also seen that the maximum sp3 

content obtained by HiPIMS is comparable to the values reported for rfMS, but 

significantly smaller than those delivered by FCA and PLD. The latter is 

consistent with the notion that FCA and PLD are PVD techniques able to 

generate large fluxes of ionized film forming species. Apart from the 

densification, the sp3 content in a-C films is also known to be promoted by H 

incorporation [43]. In Fig. 5, published density values for hydrogenated and non-

hydrogenated a-C films deposited using a variety of physical and chemical vapor 

deposition techniques [12,16, 43-47] are plotted as function of the sp3 content. 

For relatively low sp3 bond fractions in the order of 20%, our data follow the line 

that corresponds to the non-hydrogenated a-C films. As the sp3 content 
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increases, the mass density deviates towards the hydrogenated a-C line 

indicating the incorporation of H in our films. This is consistent with the fact that 

H2O-related species have been detected in both dcMS and HiPIMS plasmas 

(Figs. 1 and 2). This indicates that the cleanliness of the vacuum chamber is 

crucial because in HiPIMS a higher amount of activated radicals and atoms can 

be produced, compared to the conventional dcMS; such radicals may easily be 

incorporated into the film and affect its properties [8]. Thus the increase of the 

sp3 bond fraction as a function of the substrate bias voltage (i.e. ion energy) 

observed in Fig. 3 can also be attributed to the increase of the H incorporation. 

Despite the latter, the implementation of HiPIMS results in film densification.  

 

4. Summary 

Amorphous carbon films were grown employing HiPIMS and dcMS, for 

reference. Plasma analysis showed that the implementation of HiPIMS and for 

the conditions (pulse width, power and frequency) employed in the present study 

did not affect the relative composition of the ionic population, i.e. Ar+ are the 

dominant ionized species in all discharges. This can be understood by the 

considering the low ionization probability of C as compared to Ar atoms. 

However, the HiPIMS discharges were found to exhibit a larger number of ions 

with larger average energies, as compared to dcMS. This causes the growth of 

films with 50% larger sp3 bond content and 7% larger mass density as compared 

to dcMS. Comparison of the mass density and sp3 bond fractions in our films with 

results reported in the literature indicate incorporation of H during growth. Our 
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results demonstrate that the larger ion fluxes and energies generated during 

HiPIMS enable densification of amorphous carbon films with larger sp3 bond 

content as compared to films grown by dcMS.  
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Figure captions 

Fig. 1. Time-averaged ion energy distribution functions of (a) Ar+, (b) C+ and (c) 

H2O
+ species in HiPIMS (solid line) and dcMS (dashed line) discharges as 

recorded by a mass-energy analyzer. The data presented here were recorded 

from a HiPIMS discharge operating at a frequency of 250 Hz. The scale of the Y-

axis is logarithmic and the distance between to subsequent ticks represents an 

order of magnitude.  

 

Fig. 2. Relative intensity fractions of characteristic ionized species in (a) dcMS 

and HiPIMS discharges at pulsing frequencies of (b) 1 kHz and (c) 250 Hz as 

recorded by a mass-energy analyzer. The total integrated intensity is provided for 

each case. In addition, for the HiPIMS discharges the peak target power 

achieved at each pulsing frequency is also given.  

 

Fig. 3. Fraction of sp3 hybridized bonds in films deposited by dcMS (full squares) 

and HiPIMS at pulsing frequencies of 1 kHz (full circles) and 250 Hz (full 

triangles) as a function of the bias voltage applied on the substrate. Values of sp3 

fractions measured in amorphous carbon films grown by rfMS (Ref. [16], hollow 

squares), FCA (Ref. [42], hollow circles), and PLD (Ref. [41], hollow triangles) as 

a function of the substrate bias voltage (dc voltage for Ref. [16]) or the incident 

ion energy (Refs. [41] and [42]) are reproduced for reference.  
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Fig. 4. Mass density of films deposited by dcMS (filled squares) and HiPIMS at 

pulsing frequencies of 1000 Hz (full circles) and 250 Hz (full triangles) as a 

function of the bias voltage applied on the substrate. Values of films densities in 

amorphous carbon films grown by PLD (Ref. [12], hollow squares) are 

reproduced for reference.  

 

Fig. 5. Mass density of films deposited by dcMS (half-full squares) and HiPIMS at 

pulsing frequencies of 1 kHz (half-full circles) and 250 Hz (half-full triangles) as a 

function of sp3 bond fraction. Data from non-hydrogenated (full symbols) and 

hydrogenated (hollow symbols) amorphous carbon films (a-C and a-C:H, 

respectively) reported in the literature are also reproduced for reference. 
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