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This work was presented at the 59th SVC Technical Conference in 
Indianapolis, IN, as an Invited Presentation on Tuesday, May 10, 2016.

Abstract
We describe measurements of a previously ignored reactive 
sputtering variable that shows hysteresis: sputter cathode 
heating. Analysis of the heating hysteresis data provides a direct 
determination of the ion-induced secondary electron emission 
coefficient. This determination can be made at any operating point 
of the process from metallic sputtering to oxide sputtering and all 
points in between. This seems to be a totally new method, is direct 
and simple, and in many respects provides better values than any 
previous method. The results also lead to a better understanding of 
the reactive sputtering process. Additionally for the many processes 
in which the secondary electron yield rises with added reactive gas, 
monitoring the cathode heating hysteresis will allow an increase 
in the power delivered to the cathode, and thus an increase in rate, 
without excessive heating of the cathode. We report results for 
SiAlOx, AlOx, and TiOx. 

Introduction
Reactive magnetron sputtering is an important process used for 
producing thin films of a wide range of metal compounds (oxides, 
nitrides and carbides) for applications including optical, dielectric, 
transparent conductive, semiconductor, protective, and barrier 
coatings. The principle is simple: start with a metallic target and 
add enough reactive gas (oxygen, nitrogen or carbon containing 
gas) to allow formation of the desired compound on the substrate. 
Unfortunately, it is seldom that simple. A complexity arises because 
of the pronounced hysteresis observed while relating desired 
process outcomes to traditional control variables. The hysteresis 
separates two distinct operating modes: the process space that 
enables the preferred deposited-film stoichiometries; and the 
process space that enables the much higher rates possible with 
metal targets operated without reactive gas additions. 

There are many solutions to this difficulty, and, to be sure, this 
paper does not offer a new solution. Rather it describes a method 
to determine the ion-induced secondary electron emission (ISEE) 
coefficient based on measurements of the sputter cathode heating 
hysteresis, by simply measuring the temperature rise of the coolant 
as a function of reactive gas additions. The advantages of this 
method over previous methods will be described. This method 
enables the determination of the ISEE coefficient at any operating 
point of the process in any coating systems (production, pilot, 
or lab scale). This in turn allows an improved understanding 
of the reactive sputtering process, especially within its most 
technologically important region: the region of reactive gas flows or 
partial pressures where hysteresis effects dominate. This seems to be 
a totally new method and is direct and simple. Additionally for the 
many materials systems wherein the secondary electron yield rises 
with added reactive gas, monitoring the cathode heating hysteresis 

will allow an increase in the power delivered to the cathode, and 
thus an increase in rate, without excessive heating of the cathode.

The Importance of the Oxide ISEE Coefficient
Oxide ISEE coefficients have been difficult to measure under actual 
sputtering conditions [1]. Ion beam methods [2] are powerful but 
give values that may not be appropriate for magnetron systems 
used for coating because they don’t properly account for the large 
fraction of electrons that are “recaptured” in the magnetic fields 
of our sputter coating tools. The fraction of secondary electrons 
recaptured has been estimated to be between 65% and 75% 
[3]. A second method is based on correlating cathode voltage 
measurements to ISEE coefficients [4]. This method is powerful in 
that it produces values for a large range of materials and has led to 
significant improvements in our understanding of the trends for 
ISEE coefficients for differing target materials. However the results 
are cathode and pressure specific and may be difficult to extrapolate 
to other systems. Moreover the oxide ISEE coefficients produced 
are generated only under conditions in which the targets are fully 
oxidized. By contrast our results shows that the ISEE coefficient 
for a partially oxidized metal target (for oxygen flows within the 
hysteresis loop where most production coating systems operate) 
may be higher than that in the fully oxidized mode for certain 
materials. 

The lack of good values for the ISEE coefficient for oxide surfaces 
under real sputtering conditions hamper efforts to accurately model 
the discharges in sputter coating systems. It has been reported that 
the “literature data for ion-induced emission yield of oxides are 
scarce” [5], and that this scarcity “is probably the most fundamental 
factor limiting the output of magnetron simulations” [6]. The ISEE 
coefficient directly and significantly affects the operating cathode 
voltage [7]. The cathode voltage affects the energy of the secondary 
electrons entering the plasma and, in turn, the many ionization 
reactions, energy transfer and thermalization processes that ensue.

Experimental
The experiments were carried out in a pilot scale roll-to-roll 
sputtering system using a pair of custom-made planar cathodes 
with face sizes of 7.82 cm x 43.28 cm (3.08 inches x 17.04 inches) 
operated in dual cathode mode. They were powered by an 
Advanced Energy Industries PEII 10K power supply operated at 
40 kHz and 5 kW. Coolant temperature measurements were made 
using immersion thermocouples mounted in the branch of a tee 
with the coolant flowing in and out of the running ends of the 
tee so as to insure the sensor was fully immersed in the coolant 
flow. Measurements were made five minutes after a change in 
oxygen flow to allow the system to come to thermal steady state. 
The nominal coolant flow rate in the closed-loop cooling system 
was monitored using an in-line rotameter measurement. For our 
work with SiAlOx, the argon flow was 350 sccm, the oxygen flow 
was varied in steps from 0 to 100 sccm and back to 0. The system 
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is diffusion pumped; the pressure without added oxygen was 3.1 
mTorr. We also looked at AlOx and TiOx; the cathode power, gas and 
water flows, and pressures for those systems are reported below.

Background 
The Berg model [8] for reactive sputtering does an excellent job of 
describing what happens to the reactive gas partial pressure and 
cathode material removal rate as the reactive gas flow is increased 
under steady state conditions. The model is based on incrementally 
changing the reactive gas partial pressure and calculating the steady 
state fluxes and surface coverages for all surfaces in the sputtering 
system. These values are then used to calculate the gas flows and 
cathode material removal rates. The hysteresis in those latter two 
variables appears naturally. 

The relationship between reactive gas partial pressure and 
flow is often presented with flow on the x-axis, suggesting that 
it is the independent variable. The resulting graph features the 
familiar hysteresis loop within which there are three values of 
partial pressure for each value of flow. Stable operations under 
flow control can only be maintained for points around the 
periphery of the hysteresis loop but not within its interior. For 
most systems that means either non-stoichiometric films at 
high rates or stoichiometric films at low rates. In contrast to the 
implications of the normal presentation which shows the flow as 
the independent variable, the model itself treats the partial pressure 
as the independent variable and calculates the reactive gas flow in 
response to changing the partial pressure. When viewed this way 
the reactive gas flow always has a single value as the partial pressure 
is changed. This is the basis for many modern control strategies 
that provide stable operation at points within the hysteresis loop 
by control of the reactive gas partial pressure, whether measured 
directly with lambda probes or mass spectrometry, or indirectly via 
a variety of optical methods, or, with certain materials, using the 
cathode voltage as a proxy for the partial pressure. Under partial 
pressure control, good film stoichiometries and higher rates are 
simultaneously possible. A similar plot of the cathode material 
removal rate as a function of gas flow shows a comparable hysteresis 
loop.

When sputter cathode heating is monitored, it is most often done 
to confirm that the cooling system is working normally, which in 
turn ensures the integrity of our sputter cathodes. In the method 
described here, the temperature rise for coolant flowing through the 
cathode is monitored as the reactive gas is added to the system and 
compared to the same measurement while sputtering in the metal 
mode (typically in pure argon) at the same power input. That data 
can be transformed to calculate the ISEE coefficient at any value of 
added reactive gas flow. The basis for this method is described next.

Method
We show our method by using reactive sputtering of SiAlOx as an 
example. We will later share results for sputtering of AlOx and TiOx. 
Electrical power is the product of voltage and current. The power 
measured by our power supplies is the product of the cathode 
voltage multiplied by the sum of the positive ion current to the 
cathode plus the negative electron and negative ion current leaving 
the cathode. We may get sloppy in our thinking and neglect the 
negatively charged species leaving the electrode, but our power 
supplies cannot distinguish between these two components. This 

is hardly a new concept. In a 1955 review article [9], Fred Wehner 
remarked: “The ion current to the cathode cannot be divorced from 
the electron current leaving the cathode. Yield data are therefore 
usually given in S/(1+γ), leaving the actual value of γ (number of 
electrons liberated by one impinging ion) open.” The S in Wehner’s 
reports are the measured sputter yield values. He does not know the 
value of γ, but recognizes the need to reduce S by (1+ γ) to get true 
sputter yield values.

By contrast the heat delivered to our cathodes due to ion 
bombardment, to first order, is the cathode voltage multiplied 
by the positive ion current to the cathode, with no contribution 
from electrons or negative ions leaving. The energy consumed in 
sputtering an atom or other species of material off a cathode is the 
sum of the departing specie’s sublimation energy and its gas phase 
kinetic energy. These energies are small compared to the heating of 
the cathode and will be considered later. 

The ion induced secondary electron emission coefficient, γ, is 
defined as,

 γ = i− / i+, (1)
 or,
 i− = i+ * γ, (2)

where i- is the current of secondary electrons generated due to 
the positive ion bombardment, and i+ is the positive ion current, 
typically Ar+ in metal mode or a mix of Ar+ and oxygen ions 
in oxide mode. For simplicity we will describe oxygen reactive 
sputtering; the changes needed for nitrogen or carbon based 
reactive sputtering are straightforward. Again for simplicity we will 
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also ignore the reality that metal atoms sputtered off the target may 
get ionized in the plasma and contribute to the positive ion current. 
Our results do not depend on the identity of the positive ions 
bombarding the target. 

For those who deposit onto polymer substrates or other 
substrates that may carry water into the discharge, it is appropriate 
to note that the water can dissociate in the plasma forming H+ ions, 
among others. H+ ions formed in this way contribute to the positive 
ion current and to heating but are almost completely ineffective ions 
for sputtering due to their very low mass. 

The electrical power into the cathode can be written as 
  Welectrical = V * (i+ + i−) (3)

where V is the cathode voltage.

The thermal power (heat) into the cathode can be written as
  Wthermal = V * i+ (4)

This heat is that which at steady state is removed by the coolant. 
Note that there is no contribution to the heating from the negative 
electron or negative ion current leaving the cathode.

If we start with a cathode being operated in metal mode and 
add enough oxygen to move it through the transition zone into the 
oxide or poisoned mode, many changes occur. The first material 
studied here, SiAlOx, shares characteristics with many but certainly 

not all materials. When enough oxygen is added to enter the 
transition zone, the cathode voltage drops significantly, as shown 
in Figure 1. Our data is taken at constant power, thus when the 
voltage drops, the total current must increase. We will see that the 
ISEE coefficient for the oxide target is much greater than that for the 
metal target. This implies that for an oxide target, a greater fraction 
of the total electrical current is produced by the secondary electron 
current and a lesser fraction by the positive ion current, compared 
to the same values for metal targets. This further implies that the 
heat into the cathode, as measured by the change in the coolant 
temperature, decreases. Figure 1 also shows data confirming 
the change in the coolant temperature for SiAlOx sputtering 
as the oxygen flow is increased. The method used to convert 
measurements of the change in coolant temperature to values 
for the ISEE coefficient is shown next. Remarkably the following 
analysis does not depend on the changes in cathode voltage. 

We can write the sum of the currents at the cathode as,
 (i+ + i−) = (i+ + i+ * γ) = i+ * (1 + γ), (5)

and substitute that result into equation 3. Thus 
 Welectrical = V * i+ * (1 + γ). (6)

Since, we hold Welectrical constant while adding oxygen, we can say,
 Wm

electrical = Wox
electrical,  (7)

where the subscripts refer to metal or oxide mode. Substituting 
equation 6 into equation 7, we get, 

 Vm * im
+ * (1 + γm) = Vox * iox

+ * (1 + γox). (8)
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Solving for γox, 
 γox = (1+ γm ) * (Vm * im

+ / Vox * iox
+) – 1. (9)

Using equation (4), we can rewrite this as
 γox = (1+ γm ) * (Wm

thermal) / (Wox
thermal) – 1.  (10)

If we now assume γm = 0.1, then
 γox = 1.1 * (Wm

thermal) / (Wox
thermal) – 1. (11)

For constant coolant flow, 
 γox = 1.1 * ∆Tm / ∆Tox – 1,  (12)
where ∆T is the temperature rise of the coolant for the respective 
modes, metal (∆Tm) or oxide (∆Tox). We will see that shortly that 
setting γm to 0.1 is not only a reasonable estimate but one that, if 
incorrect, causes only modest errors in our estimates of γox. When 
more accurate values for γm are known more accurate values for γox 
will result, but the method is still valid and sound.

Sputtering SiAlOx
Using the equation 12 we can convert the measured changes in 
∆T to values for γox. The results are also shown in Figure 1 for 
a sequence of increasing and then decreasing oxygen flows. For 
completeness we have added a plot of the oxygen partial pressure as 
a function of oxygen flow. The cathode voltage and ISEE coefficient 
values have been scaled to fit on the shared y-axis. Note that the 
data show hysteresis, in that the data for the first three variables 
for increasing oxygen flows are offset to the right from those for 
decreasing oxygen flows. The widths of the hysteresis loops for the 
three variables are narrow. This is consistent with the Berg model 
results for systems like this one in which the pumping speed is high. 
The oxygen pressure shows little or no detectable hysteresis but does 
show the expected change in slope at flows in the transition zone.

Figure 1. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 10), 
calculated ISEE coefficients, and oxygen pressure for sputtering a SiAl target while increasing the oxygen flow 
from 0 to 100 sccm and then decreasing it back to 0.

For low values of added oxygen, there is no change in the ISEE 
coefficient. The ISEE coefficient begins to rise only at flows higher 
than the point at which the voltage drops. This suggests that, for 
SiAlOx, the rise in ISEE coefficient occurs only in the racetrack 
and only when the racetrack is becoming oxidized. For our fully 
oxidized target the value for the ISEE coefficient is 0.6, yet there 

is one point in each of the curves, for increasing and decreasing 
oxygen flow, that has a higher value of 0.7. This suggests the 
possibility of an “oxide island” effect [10], which implies that the 
ISEE coefficient for a target with isolated islands of oxide on a 
partially oxidized surface is higher than that for a fully oxidized 
surface. These observations could also be explained by an ISEE 
coefficient for a uniform thin oxide layer that is higher than that for 
a thicker oxide layer; the data do not distinguish between the two 
possible mechanisms. 

Oxygen Negative Ions and Reactive Sputtering
While doing reactive sputtering in partial pressures of oxygen, we 
often must deal with oxygen negative ions [11]. Oxygen negative 
ions are formed at the target surface and are accelerated away from 
the target at energies equal to the cathode voltage. When these ions 
strike a growing film at typical energies they cause several types 
of damage: uneven etching of the growing film, compositional 
changes, and structural and electronic damage. In our analysis we 
cannot distinguish between oxygen negative ions leaving the target 
and ion-induced secondary electrons leaving the target. Thus one 
should think of the ISEE coefficient here as the ratio of the sum of 
the oxygen negative ion and electron currents to the total positive 
ion current. 

The Value for the Metal ISEE Coefficient and its Effect on the 
Oxide ISEE Coefficient Result
We have assumed a value for the ISEE coefficient of the Si/Al target 
in metal mode of 0.1. We examine the basis for that assumption 
here and also describe its effects of our determination of the oxide 
ISEE coefficient.

We do not have values for the ISEE coefficient for Si/Al, so an 
assumption needed to be made. Rossnagel [12] published results 
for four materials with values ranging from 0.024 (for Si) to 
0.15 (for Mo). These values were presented without reference to 
methods or sources. Depla’s group [13] has made ISEE coefficient 
determinations for fourteen metals with values for the ISEE 
coefficient ranging from 0.05 to 0.19. For reference, half of the 
18 values are in range from 0.08-0.12. We have used the largest 
and smallest values for the metal ISEE coefficients from these 
two sources to estimate the possible error of our use of 0.1 for 
our analysis. The results are shown in the Table 1 for the point at 
which we found the largest value of the ISEE coefficient and thus 
the largest possible error. The absolute values and per cent errors 
are shown. As can be seen, the calculated value for the oxide ISEE 
coefficient is relatively insensitive to the value assumed for the ISEE 
coefficient of the metal. Indeed when a good value for the ISEE 
coefficient of Si/Al in metal mode is determined, it will be easy to 
correct our estimate for the ISEE coefficient of the oxide. 

Table 1. γox values and percentage errors for calculating the maximum value for γox based on the highest and 
lowest values for γm found in the literature compared to our assumption, using a value of 0.1 for γm.
 
Increasing the Oxide Sputter Rate
For a materials with γox > γm, we have shown that the thermal power 

	  

Oxygen negative ions and reactive sputtering 
While doing reactive sputtering in partial pressures of oxygen, we often must deal with oxygen 
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We have assumed a value for the ISEE coefficient of the Si/Al target in metal mode of 0.1. We 
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We do not have values for the ISEE coefficient for Si/Al, so an assumption needed to be made. 
Rossnagel (12) published results for four materials with values ranging from 0.024 (for Si) to 0.15 
(for Mo). These values were presented without reference to methods or sources. Depla’s group 
(13) has made ISEE coefficient determinations for fourteen metals with values for the ISEE coef-
ficient ranging from 0.05 to 0.19. For reference, half of the 18 values are in range from 0.08-
0.12. We have used the largest and smallest values for the metal ISEE coefficients from these 
two sources to estimate the possible error of our use of 0.1 for our analysis. The results are 
shown in the Table 1 for the point at which we found the largest value of the ISEE coefficient 
and thus the largest possible error. The absolute values and per cent errors are shown. As can be 
seen, the calculated value for the oxide ISEE coefficient is relatively insensitive to the value as-
sumed for the ISEE coefficient of the metal. Indeed when a good value for the ISEE coefficient 
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cient of the oxide.  
 

γm 0.024 0.10 0.19 

γox
 calculated 0.57 0.68 0.82 

γox (% of 0.10 value) 84% 100% 121% 
Table 1. γox values and percentage errors for calculating the maximum 
value for γox based on the highest and lowest values for γm found in the 
literature compared to our assumption, using a value of 0.1 for γm.   

 
Increasing the oxide sputter rate 
For a materials with γox > γm, we have shown that the thermal power to the cathode drops when 
moving from the metal to the oxide mode. Thus the electrical power can be increased as the pro-
cess is moved into the oxide mode, by amounts inversely proportional to the measured amount of 
heating reduction, without changing the absolute heating of the cathode. Increased powers will 
lead to higher rates. For sputtering this class of materials, with cathodes thought to be operating 
at electrical powers limited by cathode cooling while in metal mode, still higher powers can be 
tolerated in oxide mode without overheating of the cathode. For the SiAlx material studied here 
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to the cathode drops when moving from the metal to the oxide 
mode. Thus the electrical power can be increased as the process 
is moved into the oxide mode, by amounts inversely proportional 
to the measured amount of heating reduction, without changing 
the absolute heating of the cathode. Increased powers will lead to 
higher rates. For sputtering this class of materials, with cathodes 
thought to be operating at electrical powers limited by cathode 
cooling while in metal mode, still higher powers can be tolerated 
in oxide mode without overheating of the cathode. For the SiAlx 
material studied here the implied tolerable power increase is 1.4x 
in fully oxidized mode and 1.5x at the points with the maximum 
coolant delta T reduction seen in Figure 1. Monitoring actual 
coolant temperatures is the best means to ensure an appropriate and 
safe choice.

Al/AlOx Sputtering
We performed a similar set of experiments using aluminum targets. 
The results are shown in Figure 2. In this system our method 
gives values for the ISEE in the oxide mode of 0.6 to 0.7, but we 
see no evidence for enhanced values of ISEE coefficient due to 
the oxide island effect. Other workers have published values of 
0.2 for the coefficient for AlOx using an indirect method (4). This 
latter method is based on sputtering the target in pure oxygen to 
insure it is fully oxidized, removing all the oxygen, adding argon, 
then measuring the cathode voltage as soon as the power supply 
stabilizes. The instantaneous cathode voltage is then used to 
estimate the ISEE coefficient based on the correlation of comparable 
voltage-coefficient relationships for other materials. Perhaps 
it speaks to the power of the method described here that the 
coefficient is determined directly. 

Figure 2. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 30), 
calculated ISEE coefficients, and oxygen pressure for sputtering an Al target while increasing the oxygen flow 
from 0 to 46 sccm and then decreasing it back to 0.

Ti/TiOx sputtering
We have also performed measurements on the reactive sputtering 
of Ti in oxygen. The results are shown in Figure 3. While adding 
oxygen to move the target from metal mode to oxide mode, we 

saw changes in the cathode voltage but no changes in the cathode 
coolant temperature, within the noise of our experiment. After 
the fact we discovered that little change was expected. Several 
researchers [4, 14] have noted that the ISEE coefficient for titanium 
oxide is less or at least slightly less than that for titanium metal. We 
ran our experiments without knowledge of that behavior. Luckily 
this was not the first material we looked at. 

Figure 3. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 
20), and oxygen pressure for sputtering a Ti target while increasing the oxygen flow from 0 to 60 sccm and 
then decreasing it back to 0. The lack of a change in the coolant temperature implies no change in the ISEE 
coefficient, thus ISEE coefficient values are not plotted.
 

Neglected Energy Contributions and Measurement Errors – 
the Fussy Details
In our first order model we have neglected three contributions to 
the total energy budget. These three energy contributions are the 
sublimation energies for the sputtered material species leaving the 
target surface, their kinetic energies in the gas phase, and the energy 
to remove the secondary electrons from the target (for the metal 
mode, this is just the work function). To do a complete assessment 
of the impact of these contributions, they need to be evaluated for 
both the metal and the oxide. Since our method is referenced to the 
energy per arriving argon ion, the first two contributions need to 
be scaled by the values of the appropriate sputter yield and the third 
needs to be scaled to the ISEE coefficient for the metal or oxide as 
appropriate. 

Estimating the effects of neglecting these contributions is 
rather involved and subject to several uncertainties. Even if we 
assume values for all the uncertainties that are unfavorable to 
our method, the resultant absolute errors are small compared 
to the energies involved in the model and are comparable to the 
experimental errors for our present measurements. We will provide 
the details showing these estimates in a future publication. On the 
experimental side, we are in process of reducing our experimental 
errors in order to extract still more information from the data. 

Note that the determination of the ISEE coefficients in this 
method comes from ratios of powers. By using ratios, the absolute 
coolant flows, which are constant (on the time scales of our 
temperature measurement), cancel out. The absolute value of the 
flows are not needed. We only need the ratio of temperature rises. 

The ISEE coefficient, γox, by this method is given in equation 12. 
 One needs to make temperature measurements, take differences, 
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then ratios. We took ordinary care in our temperature 
measurements and had absolute uncertainties of 0.1 degree. We 
generally found it advisable to reduce our coolant flows for these 
data sets compared to the flows we might normally use during 
coating. This in turn raises the value of the temperature differences, 
and reduces the uncertainty in the resulting value of γox. The 
uncertainties are easy to calculate but tedious to write about. The 
uncertainty in γox for the data in Figure 1 is at its maximum in the 
fully oxidized mode where the ∆Tox is smallest and is calculated to 
be 3.8%.

Our three data sets show different values for the normalization 
of the change in coolant temperatures. The primary cause of 
these differences are due to using different coolant flows and 
different cathode powers used for each of the data sets. The flows 
were changed to insure good precision in the measurements 
of the change in coolant temperatures. Comparing the ratio of 
temperature rises, actual sputter powers, and actual water flows 
gives a self-consistent set of values with 85-95% (±10%) of the 
measured electrical power going to the cathode coolant loop while 
sputtering in metal mode. We hope to improve our measurements 
in the future to include determinations of more accurate values for 
where the power or heat goes. 

Summary
We have demonstrated a novel and simple method to determine the 
ion-induced secondary electron emission coefficient for reactive 
sputtering at any point in the reactive gas flow hysteresis loop. It 
appears to overcome shortcomings in previous methods and yields 
results which should enable much more accurate models of the 
reactive sputtering process to be demonstrated. We also learned that 
for a large class of materials the heat input to the cathode goes down 
when moving from metal mode to oxide mode. For those materials, 
the electrically measured power to the cathode can be raised by 
amounts comparable to the measured heat reduction without 
exceeding the cooling specifications for their cathodes. Higher rates 
can thus be obtained.
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