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The aim of this paper is to experimentally study effect of preceding pulse on the temporal evolution of number 

densities of sputtered species during the subsequent pulse for different delay time between two successive high-

power pulses in the pulse packet. Time evolutions of sputtered species during and after pulse in single-pulse 

mode are presented, too. Intensities of selected lines of buffer gas were acquired during every measurement. 

 

1. Introduction 

High power impulse magnetron sputtering 

(HiPIMS) is nowadays often discussed topic. 

Intensive gas rarefaction taking place during the 

HiPIMS pulse decreases the number of sputtered 

species and buffer gas atom collisions and 

influences the velocity distribution function of 

sputtered atoms in the direction parallel to the 

magnetron cathode as was experimentally shown in 

[1]. Consequently, the gas rarefaction should not 

influence only the deposition rate, but should 

decrease the resident time of the sputtered atom in 

the magnetized plasma region and simultaneously its 

ionization probability. Back diffusion of buffer gas 

atoms is relatively time-consuming process (at least 

several hundred of μs as modelled by [2]). 

Sequences of successive short high-power pulses 

significantly increase the deposition rate compared 

to standard HiPIMS process keeping similar 

ionization efficiency of the sputtered species 

because the multi-pulse operation with short pulses 

limits the metal ion back-attraction [3]. The 

development of the subsequent pulse should be 

influenced by the preceding pulse. The local density 

of the buffer gas at the beginning of the pulse will 

be reduced by action the preceding pulses. The aim 

of this paper is to perform an experimental study of 

the effect of the preceding pulse on the time 

evolution of the concentration of titanium atoms and 

ions during the upcoming pulse as a function of the 

delay time between these two successive pulses. The 

measured data will be mutually compared and 

discussed. 

 

2. Experimental setup 

Measurements were realized on the magnetron 

sputtering system Alcatel SCM 650. The sputtering 

system was equipped with Ti target (99.95% purity) 

of 200 mm diameter and balanced magnetic field 

configuration. The discharge was powered by a 

Melec SIPP 2000 HiPIMS generator. The maximum 

allowed voltage is up to 1 kV and maximum allowed 

current is up to 500 A. The pulse length was set to 

200 μs. Repetition frequency was 20 and 10 Hz in 

single-pulse and multi-pulse mode, respectively. 

The deposition chamber was pumped by Roots 

and turbomolecular pump to a pressure of 10
-4

 Pa. 

Argon (99.999%) was used as a buffer gas. The 

working pressure was set to 5 Pa, measured by MKS 

Baratron and argon gas flow was 135 sccm. 

The Melec generator is equipped with a current 

and voltage probe for electric measurements. The 

optical emission spectroscopy (OES) has been 

carried out using a Jobin-Yvon Horiba FHR1000 

spectrometer (Czerny-Turner) with 1 m focal length 

and 2400 grooves·mm
-1

 grating. Intensified CCD 

camera (Andor IStar 720) served as a detector. The 

total integration time was set to achieve sufficient 

line intensities. The optical fibre was placed to 

moveable holder to collect the light 2.6 cm above 

the target. 

 
3. Results and discussion 

The number densities of sputtered species in 

their ground levels were calculated using on-site 

developed technique based on effective branching 

fractions. In the technique, theoretically determined 

branching fractions (which are functions of ground 

state densities of atoms and ions) are fitted to 

experimentally measured fractions of the relative 

intensities of carefully selected lines of measured 

species. Also intensity of Ar atom line (696.54 nm) 

and Ar ion line (434.80 nm) was examined under 

these conditions. 

 

3.1 Single-pulse operation 

Time evolution of titanium atom and ion number 

density during intense HIPIMS pulse was studied 

(see Fig. 1). Titanium atom density starts to increase 

rapidly at the time of 40 μs after the beginning of 
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the pulse; it shows a maximum (5x10
17

 m
-3

) at time 

of 70 μs followed by a slow decrease. Ti ion density 

starts to increase at time 40 μs after the beginning of 

the pulse similarly as the titanium atom density. 

This increase can be divided into two phases; during 

the first phase till the time of 100 μs the increase of 

titanium ion density is faster compared to the second 

phase (after 100 μs). Time evolution of the total 

concentration of all sputtered titanium particles (i.e. 

ions and neutrals - see Fig. 1) very well reproduces 

the temporal evolution of the discharge current. 

Thus, as the discharge current increases, more 

titanium particles are sputtered from the target and 

also the ionized fraction of the sputtered particles 

increases. 50 percent ionization of sputtered 

particles is achieved at time of 80 μs. 

 
Fig. 1: Temporal evolutions of sputtered species number 

densities during the 200 μs HiPIMS pulse. 

 

Temporal evolution of Ar atom and ion line 

intensity is shown in Fig. 2. Initial fast increase of 

Ar atom line intensity is after 40 μs followed by a 

rapid decrease and from the time of approx. 100 μs, 

the Ar atom line intensity is stable. This time 

evolution can be assigned to combination of buffer 

gas rarefaction and fast cooling of the electron 

temperature by sputtered particles. Intensity of Ar 

ion line follows the evolution of the discharge 

current. 

To obtain the time evolution of the concentration 

of the sputtered particles after the end of the intense 

HIPIMS pulse i.e. in the off time, when the active 

discharge is already terminated and no energetic 

electrons are present, it is necessary for the 

application of developed spectroscopic method to 

provide additional excitation of sputtered particles. 

Thus, sufficiently short and relatively weak 

scanning pulse was applied at different times after 

finishing of the main pulse to excite the sputtered 

species remaining from the main intense HiPIMS 

pulse. Pulses were excited by the same voltage, the 

length of the main intense HiPIMS pulse was set to 

200 μs, and the length of the scan pulse was set to 

30 μs. The spectra were integrated over the whole 

scan pulse and it is supposed that the amount of 

sputtered species during the scan pulse is negligible 

compared to residual densities of the sputtered 

species produced during the main pulse. 

Fig. 2: Temporal evolutions of intensities of Ar lines 

during the 200 μs HiPIMS pulse. 

 

Number density of Ti atoms and Ti ions is shown 

in Fig. 3 together with the evolution of the discharge 

current of the main pulse. The density of Ti ions is 

much higher at the end of the main pulse compared 

to the density of Ti atoms. Nevertheless, the Ti ions 

number density decreases rapidly in comparison 

with Ti atoms number density. It was attributed to 

different transport mechanisms of titanium atoms 

and ions after the end of the HiPIMS pulse. Atoms 

are being transported by diffusion, however ions 

obey ambipolar diffusion which is faster. 

Fig. 3: Sputtered species number densities during the off 

time. 

 

On Fig. 4, there is plotted the evolution of the 

intensity of Ar atom and Ar ion line acquired during 

the scan pulse. The Ar ion line intensity is relatively 

constant after approx. 500 μs, however Ar atom line 

intensity steadily increases. Fast decrease of Ar ion 
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line intensity was attributed to fast transport of Ar 

ions out from the studied region governed by 

ambipolar diffusion. Non-zero intensity of Ar ion 

line for times higher than 500 μs is attributed solely 

to the excitation of ions created during the scan 

pulse. The increase in intensity of Ar lines is 

observed from the end of the main HiPIMS pulse up 

to a maximum study time of 5 ms. The characteristic 

diffusion time of Ar atoms into the magnetized 

region from its perimeter  was measured [1] and 

modelled [2], [4] to be in the order of several 

hundred of microseconds. The observed long-lasting 

increase in the intensity of the Ar atom line can not 

be attributed solely to back diffusion of Ar atoms 

into the studied area.  

 
Fig. 4: Intensities of Ar lines during the off time. 

 

3.2 Multi-pulse operation 

A pulse packet containing two successive 

HiPIMS pulses, each of the duration of 200 μs, was 

created. The temporal evolution of the number 

densities of Ti atom and Ti ion was determined for 

the multi-pulse operation of the HiPIMS process as 

a function of the delay time between the pulses in 

the pulse packet. The results obtained for delay 

times of 200 μs, 400 μs and 1500 μs are shown in 

Fig. 5. Time evolutions of sputtered species 

densities of the first pulse in the pulse sequence are 

identical to the evolutions in the single-pulse mode 

operation and are discussed is Section 3.1. 

Temporal evolution of titanium atom density of 

subsequent pulse from pulse packet with 1500 μs 

delay (Fig. 5c) starts from non-zero value of    

4x10
17

 m
-3

 and stay constant at this value during the 

whole pulse. This initial non-zero number density is 

remainder of the titanium atoms produced by the 

preceding pulse. The initial density of Ti ions is 

very low (close to our detection limit). Fast 

transport (ambipolar diffusion) of titanium ions 

causes zero value of titanium ion density at the 

beginning of the subsequent pulse (see Fig. 3) in the  

Fig. 5: Evolutions of sputtered species number densities in 

multi-pulse mode with delay time: a) 200 μs, b) 400 μs 

and 1500 μs. 

 

case of 1500 μs off time. Despite that the initial 

density of Ti ions in the beginning of the subsequent 

pulse is zero. The time evolution of Ti ion density 

during the subsequent pulse is different compared to 

the preceding pulse. Ti ion density increases faster 

in the first phase compared to the preceding pulse 

evolution. The breakpoint into the second phase is 

observed earlier (70 μs after beginning of the 

subsequent pulse compared to 100 μs of the 

preceding pulse). The value (1.5x10
18

 m
-3

) of the Ti 

ion number density at the end of the subsequent 

pulse is equal to the value of Ti ion number density 

at the end of the preceding pulse. 50 percent 

ionization of sputtered particles is achieved at the 

time of 60 μs. Faster evolution was attributed to the 

non-zero value of Ti atom density at the beginning 

of the subsequent pulse. Already at the beginning of 

the subsequent pulse there exists a reservoir of slow, 

thermalized neutral titanium atoms, which can be 

very easily ionized and thus more rapid increase in 

the concentration of ions in comparison with the 

case of the preceding pulse can be expected. At the 

end of the subsequent pulse, the sputtered particles 

produced during the subsequent pulse substantially 
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exceed the residual particle concentration 

originating from the preceding pulse. Thus, the 

influence of the preceding pulse should be 

negligible and the values of the Ti atom and ion 

density at the end of the subsequent pulse should be 

the same as at the end of the preceding pulse. Time 

evolution of the total concentration of all sputtered 

titanium particles well reproduces the temporal 

evolution of the discharge current, except the initial 

stage of the subsequent pulse. In conclusion, even 

for relatively large off time such as 1500 μs, the 

influence of the preceding pulse on the subsequent 

pulse was proved. 

For the three studies off times of 200 μs, 400 μs 

and 1500 μs the residual value of the titanium atom 

density at the beginning of the subsequent pulse 

remains unchanged at value of approx. 4x10
17

 m
-3

, 

see Fig. 5. The residual Ti ion density for the off 

time of the 400 μs is clearly non-zero, see Fig. 5b. 

Temporal evolution of titanium ion density starts at 

the value 2x10
17

 m
-3

. Transition into the second 

phase occurs at the time of 50 μs after the beginning 

of the subsequent pulse, whereas the same was 

detected at 100 μs in the preceding pulse. The 

transition into the second phase for the subsequent 

pulse with off time of 1500 μs was detected at time 

70 μs after beginning of the subsequent pulse. So, 

the first phase in the subsequent pulse with off time 

of 400 μs is sharper and shorter compared to both 

the preceding pulse and the subsequent pulse with 

larger off time of 1500 μs. The value of Ti ion 

density attained at the end of the pulse with off time 

of 400 μs is lower (7.5x10
17

 m
-3

) compared to the 

value attained at the end of the preceding pulse and 

also the subsequent pulse with off time of 1500 μs. 

Time evolution of the total concentration of all 

sputtered titanium particles reproduces the temporal 

evolution of the discharge current after 50 μs from 

the beginning of the subsequent pulse. 50 percent 

ionization of sputtered particles is achieved at time 

40 μs, i.e. earlier compared to the preceding pulse 

and also the subsequent pulse with off time of    

1500 μs. Reduction the off time of 1500 μs to 400 μs 

therefore accelerates the time development of the Ti 

ion density in the first phase, but at the end of the 

subsequent pulse much lower concentrations are 

reached. 

In the case of sequence of the pulses with the  

200 μs off time between two successive pulses, see 

Fig. 5a, only the second phase of temporal evolution 

of titanium ion density is observed. The value 

(7.5x10
17

 m
-3

) of Ti ion density at the end of the 

subsequent pulse is equal to the value of Ti ion 

density at the end of the subsequent pulse in case of 

400 μs off time between two successive pulses i.e. 

much lower than the maximum value attained during 

the preceding pulse. 50 percent ionization of 

sputtered particles is achieved already at the 

beginning of the subsequent pulse where both the 

residual Ti atom and ion density equals 3x10
17

 m
-3

. 

Total concentration attained at the end of 

subsequent pulse of the sputtered species is the 

lowest from all tested pulses.  

 

5. Conclusion 

Using on-site developed spectroscopic method, 

the time evolutions of the Ti atom and ion densities 

during and after single HiPIMS pulse and for a 

sequence of two successive HiPIMS pulses were 

determined. Two phases in the temporal evolution 

of titanium ion density were identified. The first 

phase is characterized by fast increase of the Ti ion 

density which increases much slowly in the second 

phase. In multi-pulse operation, the transition 

between these two phases is kept constant for the 

preceding pulse. However, it shifts towards the 

beginning of the subsequent pulse as the off time 

between the pulses in the pulse packet decreases. 

After the preceding pulse, the Ti ion density 

decreases faster than Ti atom density. Even for very 

large off time (1500 μs) the residual density of Ti 

atoms originating from the preceding pulse was 

detected at the beginning of the subsequent pulse. 

Non-zero value of Ti atom at the beginning of the 

subsequent pulse causes probably faster increase of 

Ti ion density in the first stage of the subsequent 

pulse development compared to the preceding pulse 

in the pulse packet.      
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