
84 
Thhl Solid Films, 193/194 (1990) 84-91 

TIME-DEPENDENT SIMULATION MODELLING OF REACTIVE 
SPUTTERING 
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Nippon Sheet Glass Co. Ltd, Tsukuba Research Laboratoo,, Tokodai, Tsukuba 300-26 (Japan) 

A time-dependent simulation model of reactive sputtering is proposed. The 
model deals with time-dependent poisoning of the target surface and hysteresis 
phenomena. The model is based on the calculation of the time-dependent change in 
gettering pumping speed and target poisoning speed, yielding the time-dependent 
change in target coverage and reactive gas partial pressure. By calculating the 
equilibrium values of the time-dependent change over a range of reactive gas flow 
rates, hysteresis effects of target coverage and reactive gas partial pressure are 
investigated as a function of the gas flow rate. The hysteresis results obtained suggest 
that with the time-dependent model it is possible to evaluate the effect of pumping 
speed on the transition points and width of hysteresis curves. As compared with 
experimentally investigated results it is found that the model explains mechanisms 
of reactive sputtering qualitively. 

1. INTRODUCTION 

Reactive sputtering, i.e. the removal of surface atoms by energetic particle 
bombardment in a reactive atmosphere, is an attractive method for preparing 
compound films such as nitrides or oxides. As the importance of reactive sputtering 
increases, the mechanisms involved in the process have received considerable 
attention in connection with the effort to improve process operation and controlla- 
bility. Since the process includes complex target behaviour, there is still an absence 
of quantitative understanding of reactive sputtering. Non-linearity, which is 
observed in the relationship between deposition rate or partial pressure of reactive 
gas and reactive gas flow rate, is typically the result of the complex behaviour. The 
process is not affected by the non-linearity when it is operated at the end of the 
reactive mode. However, the non-linearity causes a reduction in controllability 
when the process is operated in the transition area between a metallic target surface 
and an oxidized or nitrided target surface in order to obtain films with an inter- 
mediate composition. Both target poisoning and wall gettering are believed to produce 
non-linearity. At the target surface, as adsorption or incorporation of reactive gas, 
accompanied by formation of compounds, occurs, the target is poisoned. Simulta- 
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neously the compounds formed at the surface are sputtered as a molecular or atomic 
species. The change in composition of the target surface depends on the relative rates 
of target poisoning and sputtering. This change is generally expressed as the change 
in amount of reactive gas on the target: 

dQ/dt  = (dQ/dt).d~ + (dQ/dt)~p 

where (dQ/dt)ad s represents the adsorption rate of reactive gas and (dQ/dt)sp the 
sputtering rate of reactive gas. The value of (dQ/dt)ad ~ is affected by the reactive gas 
pressure, which is determined by the balance among the introduced, consumed, and 
pumped-out amounts of gas. Since consumption occurring at the chamber wall 
surface is due to gettering of the sputtered target metal material, this consumption is 
strongly correlated to the target surface condition. 

The change in the process described above is time dependent. When the 
sputtering is started with the bare metal target in a reactive atmosphere, the target 
surface is continuously poisoned until the poisoning and sputtering are balanced; 
dQ/dt  = 0. Once the equilibrium is reached, it is kept as long as the sputtering is 
operated under the same conditions of reactive gas flow rate, sputtering current, and 
pumping speed. Although understanding of the details of this time-dependent 
process change is important, not so much interest is paid to the investigation and 
understanding of the time-dependent process change. 

In order to understand physical behaviour, it is helpful to model the process. 
Moreover, the modelling makes it possible to predict the conditions of process 
operation. Concerning reactive sputtering, several models have been proposed to 
explain physical behaviour ~-5. While most of the models are proposed to explain 
hysteresis effects investigated in the relationship between deposition rate or reactive 
gas partial pressure and reactive gas flow rate, few models deal wih the time- 
dependent change in the target surface. Since, as described above, the hysteresis 
results from the time-dependent process change, the model needs to be based on the 
time-dependent change. It is difficult to understand the reactive sputtering process 
better without this time-dependent calculation. 

In this respect the purpose of this paper is to present results of a time-dependent 
simulation. First several time-dependent simulation results are shown, and then as a 
result of the time-dependent simulation hysteresis curves are obtained. It should be 
emphasized that in the time-dependent calculation the process reaches its equilib- 
rium by itself without any assumptions about how the equilibrium between the 
target surface and the chamber walls is reached. 

2. THEORETICAL BASIS 

The first step in performing a time-dependent simulation is to understand the 
behaviour of the reactive gas in the chamber. The flow of reactive gas in the chamber 
is schematically shown in Fig. 1. Introduced gas is consumed at the target surface 
and at the chamber wall and pumped out by the vacuum pump system. 
Simultaneously, adsorbed gas on the target is sputtered. Desorption of the gas 
gettered at the chamber wall is usually negligible. This relationship is expressed as 
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Fig. 1. Schematic drawing of reactive gas flow in the sputtering chamber. 

follows: 

Qin = Qt.-Qts+Q,+Qp (1) 

where Qi. refers to the amount of reactive gas introduced into the chamber, Q,a the 
amount of adsorbed gas at the target, Qts the amount of sputtered gas from the 
target, Qs the amount ofgettered gas at the chamber wall, and Qp the amount of gas 
pumped out from the chamber by the vacuum pump system. The adsorption and 
sputtering at the target surface continue until the target surface behaviour balances. 
At the equilibrium Q,, = Qt,, and thus 

Qi. = Q, + Qp (2) 

In order to express the relationship between Qi. and reactive gas partial pessure P, 
which is assumed to be uniform in the chamber, pumping speeds should be 
considered. As shown in Fig. 1 it can be assumed that there are four pumps to be 
considered: target consumption pump, target sputtering source, wall gettering 
pump, and physical (vacuum) pump. The pumping speeds are defined for each 
pump: St. for the target consumption, S,, for the target sputtering, S, for the wall 
gettering, and Sp for the vacuum pump. With those pumping speeds eqn. (1) is 
written as 

Q,. = e (S , . -  S,, + S,+ S,) (3) 

Those pumping speeds are not measurable during a time-dependent process 
because they are varying moment by moment while the process is reaching the 
equilibrium and because St., St. and S B cannot be measured separately. The 
measurable change in total pressure is a result of the change in pumping speeds. At 
the equilibrium, eqn. (3) can be written as 

O,. = P(S, + Sp) (4) 

On the basis of the above discussion, how to express the time-dependent change 
in the pumping speeds is important. A general method for calculating the change in 
the process is to deal with the interaction between reactive gas flux and target or 
chamber wall. In this case the reactive gas flux is determined from the gas kinetics 
equation, by using the intitial value of the reactive gas pressure (prior to the time at 
which the glow discharge is turned on, i.e. given by P0 = QJSp). However, this'is 
not adequate in the time-dependent simulation because Po is not time dependent. In 
order to bring the time-dependent change in pressure into the simulation it is 
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necessary to use the relationship given in eqn. (3). Ideally, P would be defined by 
simulating the interaction between flux and target or chamber wall surface. 
However, this is impossible because the value calculated from the interaction is not a 
pumping speed S but the amount of Q of gas, which cannot define Pwithout a definition 
of S. 

In order to avoid this problem, in the simulation Sta and Sg are defined as a 
function of target coverage 0: 

s , a  = (~ - o)s°,~ (5) 

S, = (1 - 0 + 0 Ymc/rmJS  ° (6) 

where SO and S O represent the initial values of St~ and Sg respectively, and Ymm refers 
to the sputtering yield of metal atoms from the bare target and Y.,c the sputtering 
yield of metal atoms from the poisoned target. The sputtering speed Sts can be 
derived from 0, sputtering yields, and sputtering current. With this calculation it 
becomes possible to simulate the time-dependent change. 

3. SIMULATION PROGRAM 

In the simulation Ti-O 2 reactive sputtering is modelled. There are some 
assumptions with the simulation model. 

(i) At the target one 02 molecule can be adsorbed by one titanium atom on the 
surface. The formation of the compounds is not considered. Possible physisorption 
on the target is also neglected. The reactive gas cannot adsorb onto already 
poisoned target sites. 

(ii) At the chamber wall, similar to phenomena at the target surface, one arriving 
titanium metal atom can adsorb one 02 molecule. Gettered gas cannot be desorbed 
spontaneously. The gettering is regarded as a monolayer phenomenon. 

(iii) The physical pumping speed Sp is assumed to be constant for the pressure 
range simulated. 

In the simulation model, first the reactive gas pressure is calculated from the 
following equation. 

P = Qi./(S,a + Sg + Sp) (7) 

The amounts of gas consumed are then calculated: 

Q, = PSta (8) 

Qg = PSg (9) 

If Qt exceeds the number of available adsorption sites, S,a is reduced to yield a 
possible Q,~, and then P, Q,, and Q, are calculated again. After those calculations, 
sputtering of the target is dealJt with, giving the titanium flux and Oz flux. The type of 
the sputtered species is not considered. If the number of titanium atoms sputtered is 
not large enough to getter all the sputtered 02 at the wall, then the amount of the 
excess 02, is added to Qi, at the next calculation step. The target coverage 0, which 
defines St. and Sg, is determined from adsorption and sputtering calculations. Then 
the next step of the calculation is performed with newly obtained values. 
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4. RESULTS AND DISCUSSION 

Typical results of the time-dependent simulation for two different 02 flow rates 
Fo2 are shown in Figs. 2 and 3. The initial pumping speeds are Sp = 150Is-1, 
S °, = 101 s- 1, and S O = 3001 s- 1. The sputtering current lsp is 2 A. The sputtering 
yield Ymm of titanium atoms from the bare titanium target is assumed to be 0.32, that 
Ymc oftitanium atoms from the poisoned target is assumed to be 0.015, and that Ysc of 
0 2 atoms from the poisoned target is assumed to be 0.015. The target is not poisoned 
at the beginning of the calculaton: 0 ° = 0.  
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Fig. 2. S imula t ion  results of  the t ime-dependen t  change:  Fo~ = 4 s t anda rd  cm a m i n -  l, Sp = 1501 s -  ~, 
S~s= 3 0 0 I s -  t, S~t. = 1 0 1 s - l , l , p  = 2A,  0 ° = 0. 
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Fig. 3. S imula t ion  results  of  the  t ime-de l~nden t  change:  Fo~ = 8 s t anda rd  cm 3 m i n - ' ,  Sp = 1 5 0 I s - t ,  

At the first stage of the simulation it is shown that a non-poisoned target yields 
a large titanium flux, which can getter the reactive gas, reducing pressure. As the 
target is poisoned, the gettering capacity decreases, resulting in an increase in 02 
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pressure. At Fo~ = 4 standard cm 3 m i n -  1 the final value of 0 is 0.24, indicating that 
the target has not been completely poisoned. At Fo~ = 8 standard cm 3 m i n -  t there 
is a change in poisoning rate before the steady state is reached, and the curves do not 
exhibit rounding, especially at the end of the poisoning. The time to reach 
equilibrium is shorter at Fo2 = 4 standard cm 3 min-~ than Fo2 = 8 standard cm 3 
min-~.  The final 0 at Fo2 = 8 standard cm 3 min-x  is 1.0; the target is completely 
poisoned. 

In Fig. 4 results obtained for the calculation starting with the target poisoned 
i .e.,  0 ° = 1, are shown. The value of Fo~ is 2 standard cm 3 m i n - I .  In this case the 
compound on the target is continuously sputtered, resulting in the decrease in 0. A 
final value of 0.11 is found. When Fo~ is large enough to keep poisoning the target 
surface there is no change in 0. 
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Fig.4. Simulation results of the time-dependent change: Fo~ = 2 standard cm 3 min - i ,  Sp = 150Is-1, 
S~8= 3001s-t,S~t. = 101s-t , l ,p = 2A, 0 ° = 1. 

A hysteresis curve was drawn by calculating the equilibrium values over a range 
of Fo2 between 0 and 10 standard cm 2 m i n -  l with Fo2 varying in steps of 0.5 SCCM. 
When Fo~ was increased to 10 standard cm 3 min - l ,  0 ° =0 ,  and when Fo2 was 
decreased to 0 standard cm 3 m i n -  ~, 0 ° = 1. Calculated results for Sp = 1501 s -  ~ are 
shown in Fig. 5. When Fo~ increases to 8 standard cm a m i n -  ~ an avalanche change 
occurs. This is the transition from reactive mode to non-reactive mode. After the 
transition 0 is unity and Po~ increases linearly. When Fo~ decreases the onset of the 
reverse transition takes place at Fo2 = 7 standard cm 3 m i n -  1, yielding a hysteresis 
width of 1 standard cm a m i n -  ~. After the reverse transition the sputtering of the 
compound on the target is dominant.  Thus 0 decreases as Fo2 decreases. At 
Sp = 501s - l ,  the transition points move to 5.5 standard cm a min -~ and 2.5 
standard cm a, min - x, widening the hysteresis to 2.5 standard cm 3 min - ~, as shown 
in Fig. 6. Results for two values of Sp show that the model can simulate the hysteresis 
and can estimate effects of the pumping speed on the hysteresis curves. 

In order to compare the simulation results with experimentally measured 
results hysteresis behaviour was investigated in Ti-O2 reactive sputtering. Figure 7 
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Fig. 6. Calcula ted  hysteresis  curves:  Sp = 501 s -  ' ,  S~f = 3001 s - ' ,  S~,. = 101 s - i, l,p = 2 A. 

Fig. 7. Exper imenta l ly  ob ta ined  t i t an ium emiss ion  intensi ty  and  0 2  gas  part ial  pressure  curves  as a 
funct ion  of 0 2  flow rate: S n = 1501 s -  i, l,p = 2 A. 

shows experimentally observed hysteresis curves of titanium emission intensity ITi 
and oxygen partial pressure Po2. The sputtering curre0t was kept at 2 A, and Sp was 
2201 s-  1. After an equilibrium was reached, Fo2 was increased or decreased by 1.0 
standard cm 3 min-~. An avalanche change in both ITi and Po2 occurs when Fo2 
exceeds 8 standard cm 3 rain- 1. Before the transition, most of the 02 is consumed. 
Thus Po2 is nearly equal to 0. After the transition ITi drops to 1/20 of the initial value• 
The transition from non-reactive to reactive mode occurs between Fo2 = 5 standard 
cm 3 rain- 1 and Fo2 = 4 standard cm 3 min-  1. After the second transition, ITi and Po2 
trace the previously obtained lines• 

Those experimentally observed results agree qualitatively with the calculated 
result. Since the pumping speeds and sputtering yields which are used in the 
simulation model cannot be estimated correctly, there exists a discrepancy between 
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experimental and calculated values. By optimizing those values it is possible tofi t  a 
calculated curve to an experimentally observed curve. This is, however, not thought 
to be very meaningful. It is necessary to evaluate the pumping speeds and sputtering 
yields more accurately in order to perform quantitative simulation. More detailed 
studies of the simulation model will be carried out. 

5. CONCLUSIONS 

A simulation model which explains time-dependent change in reactive 
sputtering is proposed. The model is based on the calculation of .the time-dependent 
change in gettering pumping speed, target poisoning speed, and reactive gas 
pressure. The equilibrium is reached by giving initial conditions, without assuming 
anything about how the equilibrium is reached. Calculation of the equilibrium 
values over a range of reactive gas flow rates yields hysteresis curves of target 
coverage and reactive gas pressure. The width and transition points vary with 
pumping speeds. Although the calculated results do not agree perfectly with 
experimental results, it is believed that the simulation model explains qualitatively 
the mechanism of the time-dependent change in reactive sputtering. 
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