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A dynamic model of time-dependent mass balance changes during target surface oxidation and etching has been 

discussed. The model contains mass balance changes in reactive gas among target oxidation or etching, gettered, 

vacuum-pump pumped, and remaining behind in the chamber increasing or decreasing reactive gas partial 

pressure during time-dependent process condition changes. Results obtained clearly show time-dependent 

avalanche-like mass balance changes for various reactive gas flow rates and process jumps in the target oxidation 

and etching for continuous increase or decrease in reactive gas flow rate. Plots of steady-state values of reactive 

gas partial pressure, target coverage, and metal flux yield hysteresis for the increase and decrease in reactive gas 

flow rates. In addition, effects of discharge current on hysteresis are shown in the model calculation. Renaults 

obtained in the model calculation well agree to results experimentally obtained.  

 

1. Introduction 
Reactive sputtering is one of the techniques widely 

applied to industries for depositing compound thin films 
such as oxides, carbides, and nitrides. In addition to the 
benefits of magnetron sputtering, such as deposition of 
films with good adhesion and properties onto 
room-temperature substrates, long-time stability and 
good reproducibility of the process in industrial 
operations, a good uniformity of film thickness and 
properties over a large-area substrate, reactive sputtering 
gives a benefit to deposit compound, even refractory 
compound, thin films onto room-temperature substrates 
by combining a metal target, which is less expensive 
compared to compound targets, and reactive gas.  

Mass balance of reactive gas in reactive sputtering has 
been one of the research targets in this field because the 
mass balance strongly relates to the enhancement of 
process stability and deposition rates in reactive 
sputtering and because the mass balance change of 
reactive gas induces unique process behaviors of reactive 
sputtering such as process jumps and hysteresis in 
process conditions against reactive gas flow rate or 
reactive gas partial pressure [1-4].  

One of the widely recognized process models of 
reactive sputtering is the Berg’s steady-state model [5-7]. 
In the model, mass balance of reactive gas is dealt for a 
steady-state by calculating compound layer coverage of 
the target surface, metal flux intensity from the target, 
and resulting consumption of reactive gas on the chamber 
wall. In the model, the hysteresis of deposition rate, target 
compound layer coverage, cathode voltage etc., are given 
as an S-shaped curve as a function of reactive gas flow 
rate. The process jump in the target compound layer 
formation or etching is given as the jump of dependent 
variables in a region in the S-shaped curve where no 
theoretical solution is found. Although, in some cases, the 
S-shaped curve is interpreted to be as a process curve 
resulting from a feedback control of mass flow rate, this 
interpretation has been obviously incorrect because the 
feedback control is excluded from the model, i.e., 
because in the model reactive gas flow rate is simply 
given as the independent variable. 

Although in the Berg’s model only the steady-state 
condition has been dealt with, actual reactive sputtering 
process changes are dynamic or time-dependent for a 
constant reactive gas flow rate, as has been reported and 
experienced empirically [1, 8-9]. The dynamic process 
changes take sometimes a few minutes to reach a 

steady-state and are affected by vacuum-pump pumping 
speed. These result from the fact that the formation of a 
compound layer on the target surface, which governs the 
whole process change, competes with etching, and 
further competes with gettering of reactive gas by 
depositing metal and evacuation by vacuum-pump 
pumping. From these view points, reactive sputtering 
model should involve the dynamic mass balance changes 
in the reactive sputtering process. Based on this thinking, 
a model dealing with dynamic reactive gas mass balance 
change has been proposed for Ti-O2 reactive sputtering, 
yielding time-dependent coverage changes, reactive gas 
partial pressure changes, and Ti flux intensity changes as 
a function of time elapsed after discharge ignition for a 
constant reactive gas flow rate or a partial pressure prior 
to discharge ignition [10-11]. The model, further, makes 
it possible to obtain the equilibrium values of dependent 
variables at a steady-state condition as a function of 
increasing and decreasing reactive gas flow rate, i.e., for 
target compound layer formation and etching. By plotting 
steady-state values calculated against increasing and 
decreasing reactive gas flow rate, process jumps in the 
target oxidation and etching are shown, giving a 
hysteresis curve. 

In this paper to discuss dynamic mass balance change 
and hysteresis formation resulting from time-dependent 
avalanche-like process changes in reactive sputtering, 
dynamic time-dependent model of reactive sputtering 
will be revisited, giving both dynamic and steady-state 
model calculations. The fundamentals are based on the 
previously proposed model although some definition and 
description have been modified and corrected.  

2. Dynamic- and steady-states in reactive sputtering  
  It is first needed to define and understand dynamic 
time-dependent process change and steady-state 
condition, and their relationship in reactive sputtering.  
  In Fig.1, reactive gas mass balance during dynamic 
time-dependent changes in Ti-O2 reactive sputtering is 
shown schematically. In dynamic change, reactive gas 
mass balance is shown by the following equation, 
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where Qinjected is the amount of oxygen (reactive) gas 
injected into the chamber in a time increment, Qsputtered is 
the amount of oxygen gas sputtered out from the target 
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surface to the chamber, Qgettered is the amount of oxygen 
gas gettered by the depositing Ti at the chamber wall, 
Qoxidation is the amount of oxygen gas consumed to form a 
compound layer on the target surface, Qpumped is the 
amount of oxygen gas pumped out from the chamber by 
vacuum pump, and Qremaining is the amount of oxygen gas 
remaining behind in the chamber without consumed by 
any of oxidation, gettering, and vacuum-pump pumping. 
The principle factor in dynamic time-dependent change is 
Qremaining, which results in the increase in oxygen gas 
partial pressure in the chamber. Time-dependent pressure 
rise or decrease in the chamber, pO2, is given as, 
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where Vchamber is the volume of chamber. As a result of 
change in oxygen partial pressure pO2, the flux of oxygen 
due to thermal motion, O2, given by the following 
equation, increases or decreases when the temperature is 
assumed to be constant,  
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where kB is Boltzmann’s constant, m is the mass of 
oxygen molecule, and T is temperature of oxygen 
molecules. The dynamic increase or decrease in oxygen 
flux induces target surface condition changes. 
  In Fig.2, reactive gas mass balance at a steady-state in 
Ti-O2 reactive sputtering is shown. In a steady-state, the 
target surface condition, which governs reactive gas mass 
balance changes, becomes stable, i.e., the compound 
layer formation and etching of formed compound layer 
are balanced. In addition, there is no reactive gas 
remaining in the chamber volume without gettered by 
depositing Ti nor pumped out by vacuum pump, giving a 
constant oxygen flux both to the target surface and the 
chamber wall. Because the target condition is stable, Ti 
flux sputtered out from the target becomes constant in a 
steady-state. These balances are shown by the following 
equation, 

pumpedgetteredinjected QQQ  .  (4)   

3. Modeling of dynamic mass balance changes in 
reactive sputtering 

  The dynamic model is principally a time incremental 
model yielding reactive gas mass balance within a time 
increment. To model dynamic reactive gas mass balance 
changes, oxygen partial pressure change should be 
considered. By introducing oxygen consumption speed at 

the target and gettering speed at the chamber wall, partial 
pressure is introduced into the mass balance equation by 
the following, 
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where Sgettering is the gettering speed for oxygen by 
depositing Ti, Soxidation is the consumption speed for 
oxygen by bare Ti at the target surface to form a 
compound layer, and Spumped is the pumping speed for 
oxygen by vacuum pump. This equation gives a mass 
balance within a time increment. To obtain the dynamic 
change, an increase in oxygen partial pressure is given 
from Qremaining by the relationship shown in Eq.2.  

Gettering and oxidation speeds are obtained by 
modeling the relationship between pO2 and Qgettered and 
between pO2 and Qoxidation. Qgettered is given using O2 by 
the following equation, 
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where wall is adsorption coefficient of oxygen molecule  

by Ti on the chamber wall, Qmetal at wall is the amount of Ti 

metals arriving to the chamber wall in a time increment. 

In the calculation, wall is assumed to be unity, i.e., one Ti 

adsorbs one O2. From the Eq.6, Sgettering is given as, 
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The number of Ti arriving to the chamber wall is 
assumed to be equal to that sputtered and given by the 
following equation, 

   -1metalcompoundionsArwallatmetal YYQQ   , (8) 

where QAr ions is the amount of Ar+ incident to the target 
surface in a time increment, Ycompound and Ymetal are 
sputtering yields from the compound-layer covered target 
and the metal target, respectively, and  is target coverage 
(the areal fraction of the target covered by compound 
layer).  

  Oxidation speed is given by the following steps, 

  etargtetargtOoxidation AQ  -12  (9) 
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Fig.1 Reactive gas mass balance during dynamic 
time-dependent changes in reactive sputtering 

Fig.2 Reactive gas mass balance at a steady-state in reactive 
sputtering 

(a) 



Fig.5 Steady-state values of PO2, , Ti, and O/Ti ratio 
obtained from time-dependent oxidation and etching 
calculations for increasing and decreasing Qinjected with a 
step of 0.1 sccm for discharge current of 2 A and pumping 
speed of 0.20 m3/s.  

where target is adsorption coefficient of oxygen by Ti on 

the target surface, Atarget is the area of the target. 

  The amount of sputtered oxygen is given by 

compoundionsArsputtered YQQ   . (11) 

From Eqs.5, 7, 10, and 11, pO2 at a time step is calculated. 
Although, as have been considered above, in the actual 
process pO2 increases or decrease continuously with time 
elapsed, in the model the change in pO2 is given as a 
result of changes in Qsputtered, Qoxidation, Qgettering between 
two continuous time increments. 

In the model calculation, first from the initial condition 
of target, i.e., from desired , pO2 is calculated, 
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Then the change in target surface coverage  is calculated 
from Qsputtered(i), Qoxidation(i), giving Sgettering(i). In the next 
time increment pO2(i+1) is calculated from values of the 
previous time increment. The amount of oxygen gas 
remaining in the chamber is given by 
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3. Results of model calculations 

In Fig.3.a and b, dynamic changes of  for compound 
layer formation starting from =0 and compound layer 
etching starting from =1 is shown for various O2 gas 
flow rates. In the calculation, discharge current and 
vacuum-pump pumping speed are set to be 2.0 A and 
0.20 m3/s and sputtering yields from a metal target and 
from a compound-layer-covered target are assumed to be 
0.32 and 0.015, respectively. At Qinjected ≤ 6.0 sccm, no 
avalanche-like oxidation occurs, keeping uncovered 

surface at a final steady state for a given Qinjected. At 
Qinjected ≥ 7.0 sccm, avalanche-like oxidation of target 
occurs, yielding the fully covered target at a final 
steady-state for a given Qinjected. Between Qinjected = 6.0 
and 7.0 sccm, the process jump resulting from the 
avalanche-like dynamic oxidation occurs. In the etching 
curves, at Qinjected ≥ 5.0 sccm, no removal of the oxide 
layer at a steady-state occurs though the removal only 
occurs within an initial few seconds, while at Qinjected ≤ 
4.0 sccm, the oxide layer on the target is partially 
removed and at Qinjected = 0 sccm, of course, it is fully 
removed. The process jump is shown between Qinjected = 
5.0 and 4.0 sccm．It should be emphasized that Qinjected 
where the process jump occurs in etching differs from 
that in oxidation and that whether the process jump 
occurs or not depends on whether the target oxidation or 
etching reaches the critical point where the oxidation or 
etching transfers to avalanche-like.   
  In Fig.4, typical dynamic changes of PO2, , and Ti 

normalized for the initial value during time-dependent 
target oxidation are shown for Qinjected = 6.5 sccm, which 
is the minimum Qinjected where the avalanche-like 
oxidation of target surface occurs. In the curve of , at the 
time elapsed of 37 s, avalanche-like target oxidation 
starts, yielding an inflection point and fully oxidized, i.e., 
=1, at the steady-state reached. The inflection point is 
consequently yielded in the curves of PO2 and Ti. After 
reaching =1, both PO2 and Ti become steady.  

In Fig.5, steady-state values of PO2, , Ti, and O/Ti 
ratio obtained from time-dependent oxidation and etching 

Fig.4 Dynamic changes of PO2, , and Ti normalized for the 
initial value during time-dependent target oxidation for 
Qinjected = 6.5 sccm.  

Fig.3 Dynamic changes of target coverage  for compound 
layer formation (target oxidation) starting from =0 (a) 
and compound layer etching starting from =1 (b) for 
various O2 gas flow rates  

(b) 

(a) 



calculations are plotted for increasing and decreasing 
Qinjected, i.e.,for dynamic changes starting from  =0 and  
=1, with a step of 0.1 sccm and for a discharge current of 
2 A and a vacuum-pump pumping speed of 0.20 m3/s. 
Process jumps both in the oxidation and etching are 
clearly shown in all variables. In addition, the difference 
of the point where the process jump occurs in oxidation 
and etching, shown in Fig.3, is clearly shown, yielding 
hysteresis curves. 
  In Fig.6,  obtained for a steady-state from 
time-dependent oxidation and etching calculations are 
plotted for increasing and decreasing Qinjected with a step 
of 0.1 sccm and for discharge current Idis of 1, 2, 3, and 4 
A and vacuum-pump pumping speed of 0.20 m3/s. With 
increasing Idis, the point where the process jump occurs 
transfers to a higher Qinjected both in target oxidation and 
etching and the difference between the process jump 
points in the oxidation and etching increases. In the other 
words, the hysteresis transfers to a higher Qinjected and 
widens with increasing Idis.  

4. Discussion 
  In the model calculation, it is clearly shown that the 
avalanche-like target oxidation or etching induces the 
process jump during oxidation and etching. The 
avalanche-like time-dependent whole process change 
induced from avalanche-like oxidation or etching occurs 
as a result of competitive behaviors among target surface 
oxidation or etching, chamber wall gettering, and vacuum 
pump pumping of reactive gas. Once avalanche-like 
balance change starts, for example, in the oxidation 
process, gettering speed decreases as a result of the 
decrease in Ti, increasing and inducing a further 
decrease gettering speed. 
  The reason of the difference in Qinjected at which 
avalanche-like transition occurs during oxidation and 
etching processes is the difference in gettering speed, 
induced by the difference in target surface conditions, i.e., 
in the oxidation mode, gettering speed, or gettered 
amount of O2, is large because of a large Ti from a metal 
target, while in the etching mode, it is small, compared to 
that prior to oxidation, because of a small Ti from an 
oxide covered target. In Fig.7, gettering speed at a 
steady-state obtained in the model calculation is shown 
for increasing and decreasing Qinjected, i.e., for target 
oxidation and etching. At the metal target mode most of 
O2 introduced into chamber is consumed by gettering at a 
steady-state reached, while, at the compound target mode, 
a larger fraction of O2 introduced into chamber is 

consumed by vacuum pump, resulting in a smaller 
gettering speed. Although it is difficult to determine 
gettering speed in an actual dynamic process because it 
changes with changing PO2, it is possible to obtain 
gettering speed at a steady state. In experimental data, 
gettering speed is reported to change from 2 to 3 m3/s in 
the metal target mode to smaller than 0.03 m3/s in the 
oxide target mode [12]. The tendency well agree to the 
model calculation results.  

Effects of Idis on process jump points, i.e., on hysteresis 
width, relate to the balance between gettering and 
vacuum-pump pumping, as shown in Fig.6. With 
increasing Idis, gettering speed increases relative to 
vacuum-pump pumping speed, yielding a larger 
hysteresis in an oxidation and etching curve, because 
gettering becomes more effective to mass balance 
changes in a large Idis. The results experimentally 
investigated concerning effects of Idis [13] are well 
described by the model. In addition, by the model, results 
are also obtained that with increasing vacuum-pump 
pumping speed, the hysteresis width decreases and the 
height of process jump lowers. These results also well 
agree to results experimentally obtained [13] and 
describe mechanisms involved in the behaviors well.   

5. Summary  
  A model calculating dynamic time-dependent mass 
balance change of target oxidation and etching in reactive 
sputtering has been revisited and discussed. It is 
concluded that the model yielded useful data for 
understandings of mechanisms involved in dynamic 
process changes in reactive sputtering. Further widening 
applications of the dynamic model will give more fruitful 
knowledge for understandings of the reactive sputtering 
mass balance change. 
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Fig.6 Target coverage  at steady-state obtained from time- 
dependent oxidation and etching calculations for increasing 
and decreasing Qinjected with a step of 0.1 sccm: Idis of 1, 2, 3, 
and 4 A and pumping speed of 0.20 m3/s.   

Fig.7 Gettering pumping speed at steady-state obtained from 
time-dependent oxidation and etching calculations for 
increasing and decreasing Qinjected with a step of 0.1 sccm: 
discharge current Idis of 2 A and pumping speed of 0.20 m3/s.   


