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(57) Abstract: A method of measuring
ion current between a plasma and an elec-
trode in communication with the plasma is
disclosed. A time-varying voltage at the
electrode and a time- varying current
through the electrode are measured. The
method comprise recording, for each of a
plurality of voltage values, v ', a plurality,
n, of current values I(v'); and obtaining
from the current and voltage values a val-
ue of the ion current. The electrode is in-
sulated from the plasma by an insulating
layer, so that the current values lack a DC
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the isolated contribution a value of ion current.
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component. The method includes per-
forming a mathematical transform effec-
tive to: express the current and voltage
values as a relationship between the real
component of current through the elec-
trode and the voltage, thereby eliminating
a capacitive contribution to the current
through the electrode; isolate from the real
component of current through the elec-
trode an isolated contribution attributable
to an ion current and a resistive term, the
contribution being free of any electron
current contribution; and determine from
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Sensor for measuring plasma parameters

Technical Field
This invention relates generally to the field of plasma processing and more specifically
to the field of in-situ measurement of plasma parameters, including ion flux, for process

monitoring and control.

Background Art

Plasma processing systems are widely used to process substrates. Examples would be
etching of silicon wafers in semiconductor manufacture and the deposition of layers in
the manufacture of solar cells. The range of plasma applications is wide but includes

plasma enhanced chemical vapour deposition, resist strip and plasma etch.

Plasma diagnostics to measure ion current or flow to a surface (/,), electron temperature
(Te,), Plasma electron density (Ve), Plasma resistance Rp, Plasma potential (/p),
Electron Energy Distribution Function (EEDF) and Ion Energy Distribution Function
(IEDF) exist, the two main examples being the Langmuir probe, described in Langmuir
Probe Measurements in the Gaseous Electronics Conference RF Reference Cell, M.B.
Hopkins, J. Res. Natl. Inst. Stand. Technol. 100, 415 (1995), and the Retarding Field
Energy Analyser, described in Design of Retarding Field Energy Analyzers, J. Arol
Simpson, Rev. Sci. Instrum. 32, 1283 (1961).

These conventional diagnostic tools are limited to use in research applications in clean
gases or with limited time in processing gases due to the deposition of weakly
conducting material on the probes surface. The deposited layers reduce or remove the

conduction current path on which the probes depend.

Until 1998 it was generally not possible to characterize a plasma process which used a
complex gas other than by means of modelling. Specifically direct measurement of
parameters such as the ion flow to a surface in etching and deposition plasmas was not
possible during the process and so limited the deployment of sensors to monitor and

control the process.
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In US 5,936,413, the authors disclose a method for measuring an ion flow from a
plasma to a surface in contact therewith, consisting of measuring the rate of discharge of
a measuring capacitor connected between a radiofrequency voltage source and a plate-

shaped probe in contact with the plasma.

The measurement method involves periodically supplying to a surface a train of radio
frequency (RF) oscillations and performing a measurement between the two oscillation
trains after the damping of the RF and before the potential on the surface returns to
equilibrium. The method overcomes the issue of measuring a DC ion flow through a
non-conducting layer and is therefore deployable in a real process reactor. However, the

technique has a number of drawbacks.

A first disadvantage of the technique is the need to supply a sensor built into the

electrode, wall or other part of the tool.

A second disadvantage of the technique is the need to supply a pulsed RF train that may
perturb the plasma and adds a level of complexity to the deployment of the technique.

A third disadvantage is the technique cannot measure the ion flow directly on an RF
biased substrate such as a silicon wafer as this would require an interruption to the
process and add significantly to the cost and through put of wafers. The technique

cannot be applied to a continuously biased substrate.

A fourth disadvantage is the technique needs to be applied to a special probe surface
and the area of this surface is limited and the sheath may not be truly planar. The sheath
may expand and collect ions at the edge. This becomes less of a problem for large arca
surfaces but applying an RF pulse to a large surface will need a large power input and
may disturb the plasma. A guard ring may improve the situation but adds complexity

and cost to the design.
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US 6,326,794 describes a capacitance-based ion flux and ion energy probe based on two
electrodes separated by an insulating layer. However, this device is suitable for
processes where the conducting layers are exposed to the plasma. The deposition of
insulating layers on the conducting surfaces exposed to the plasma will prevent the
probe from measuring ion flux in a similar way to a Langmuir probe. It also requires a

special probe inserted in the plasma.

US 6,339,297 describes a probe that measures the absorption of plasma waves from an
RF wave launched by a probe. The technique measures plasma electron density. A
major disadvantage is the need to insert a probe and the disturbance caused by the RF

source needed, as well as the limited parameters that can be measured.

In 1998 M.A. Sobolewski published a technique for measuring the ion current at a
semiconductor wafer that is undergoing plasma processing, see Measuring the ion

current in electrical discharges using radio-frequency, current and voltage

measurements, M. A. Sobolewski, Appl. Phys. Lett., Vol. 72, No. 10, 9 March 1998.

Sobolewski’s technique relies on external measurements of the radio-frequency RF
current and voltage at the wafer electrode. The RF signals are generated by the RF bias

power which is normally applied to wafers during processing.

The I(t) waveform is the sum of several currents, which can be expressed as

1) =-Ip + le(Vmax JExp((V(t)- Vinax )/Te) +C(t) dv/dt Eq. 1
where:
1(?) is the time dependent current measured at the electrode

v(t) is the time dependent voltage measured at the electrode

Ip is the dc ion current to the surface of the wafer
Vmax 18 the maximum value of v(z)
le(Viay ) 18 the thermal electron current to the wafer at v,

so that Ie(Viax ) = I Vinax )-I(Vmin ) Where vy, is the minimum value of v(z).
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v(t) is the time dependent voltage at the wafer electrode

C is the capacitive component of the plasma impedance.

The capacitive component C is time dependent and depends on the voltage v(2)- Ve .

The first term on the right hand side of equation 1 is the ion current. It is negative,
corresponding to a flow of positive ions from the plasma to the electrode. The second
term is the electron current, for a Maxwell-Boltzmann distribution of plasma electrons
at temperature 7e in volts. The final term is the sheath displacement current which
assumes the sheath and bulk plasma can be represented by a voltage dependent

capacitor.

When the voltage (7) is negative, electrons in the plasma are strongly repelled from the
electrode by the negative DC bias, and the electron current in Eq. 1 will be negligibly

small. Furthermore, when dv/dt = 0, the charging current is zero.

Therefore, at the time #,, when w(#) reaches its minimum value, both the electron current
and the charging current are negligible. The value of the current waveform at that time

is therefore equal to the ion current, I(¢,)= I, = -Ip.

Fig. 1 shows the /(?) and v(?) signals from an RF biased plasma electrode and the
Sobolewski method to extract lo. Thus, the ion current can be determined using very
general arguments, with no need for a detailed model of the displacement current or the

electron current.

The Sobolewski paper represented a breakthrough in that he showed that the ion current,
which is a dc current, could be measured through a non conducting dielectric, but in
practice the technique proposed by Sobolewski has two major drawbacks limiting its

implementation in real process plasma.

The first and most significant is that the time window to measure /, is small and any

inaccuracy in the measurement of ¢, causes a significant error in the value of /,,.
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Second, in this technique it is assumed that any resistive component caused by electron

collisions is ignored. This assumption does not apply to many process plasmas.

In general the technique requires advanced electronics to capture the waveforms to the

resolution required which adds significantly to the cost.

Disclosure of the Invention
There is provided a method of measuring ion current between a plasma and an electrode
in communication with said plasma, wherein a time-varying voltage is measured at said
electrode and a time-varying current through said electrode is measured, the method
comprising the steps of:
(a) recording, for each of a plurality of voltage values, v’, a plurality, #, of current
values 1(v’); and
(b) obtaining from said current and voltage values a value of said ion current;
wherein:
said electrode is insulated from said plasma by an insulating layer, such that said
current values lack a DC component; and
said step of obtaining a value of said ion current comprises performing a
mathematical transform effective to:
(1) express said current and voltage values as a relationship between the real
component of current through said electrode and the voltage, thereby eliminating
a capacitive contribution to the current through the electrode;
(1) isolating from said real component of current through the electrode an
isolated contribution attributable to an ion current and a resistive term, said
contribution being free of any electron current contribution;

(1i1) determining from said isolated contribution a value of ion current.

The justification for this method will be discussed below in greater detail. However,
one may note that this method is designed to work for an electrode which is in series
with the plasma through an insulating layer and which thus has no net conduction

current, whereas a Langmuir probe depends on a conduction current path. A Langmuir
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probe loses accuracy when the surface of the probe becomes shielded by deposition of
weakly conducting or insulating material, whereas this method is designed to work with

an electrode shielded from the plasma by an insulator.

While there is no net conduction current through such an insulator, we have discovered
that there is nevertheless a real current flow, and it is possible to measure a current-
voltage transfer function for that current. It is further possible to confine measurements
to exclude any current flow attributable to an electron current, and thereby find a linear
relationship between the real current-voltage transfer function and the ion current
flowing across the plasma sheath layer and through the resistive plasma. The
contribution attributable to an electron current may be eliminated for example by
choosing, where the amplitude of v’ greatly exceeds the electron temperature expressed
in units of voltage, only measurements where v’ < 0 or by noting that, in the frequency
domain, this electron current approximates a delta function, which provides a constant
contribution at all frequencies; by subtracting such a constant found across all

frequencies, one can eliminate the current flow attributable to electron current.

Preferably, said step of expressing said current and voltage values comprises obtaining
an average of the current values measured for each of a plurality of discrete voltage

values.

Preferably, said step of isolating a contribution attributable only to ion current and a
resistive term comprises determining a threshold voltage below which electron current
is inhibited, and isolating a set of current values corresponding to a set of voltage values

below said threshold.

Preferably, said step of determining from said isolated contribution a value for the ion
current, Ip, comprises solving, for values of v’ less than said threshold, the equation:

2I(v)/n=-Ip +v'Rp/|z

B

where:
Rp is the plasma resistance,

zZl ={Rp’ + (I/oC(1)’ },
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o = 2nf, where fis the frequency of the RF voltage on the electrode, and

C(t) is the time-dependent capacitive component of the plasma impedance.

The method may also comprise the step of calculating the resistive term Rp/ |z| as a
solution to the same equation: £ I(v’) /n=-Ip + v’ Rp/|z|. In cases where the resistive
term only is required, the equation can simply be solved for that term and not for the ion

current.

Preferably, the time-varying voltage is a sinusoidal voltage applied to said electrode.

Further, preferably, said plurality, n, of current values I(v’) measured for each of a
plurality of voltage values, v’, include approximately n/2 values measured where the
voltage is increasing and approximately #/2 values measured where the voltage is

decreasing.

In this way a capacitive-dependent element of the relationship can be ignored for values
of v’ < 0 since this capacitive-dependent element changes sign with dv/dt, so that by
taking large numbers of measurements, approximately half of which are measured with
positive dv/dt and half with negative dv/dt, the capacitive terms cancel one another out

when the values are averaged for all n.

Preferably, the voltage is a periodically varying voltage and said current values I(v’) are

measured at times which are uncorrelated with the period of the voltage.

Put another way, the method can be carried out by taking large numbers of current
measurements at random times with respect to the time-varying voltage, so that
statistically one will collect enough measurements for each value v’ to ensure roughly
equal numbers of increasing-voltage and decreasing-voltage values, as well as providing

a highly accurate average current for each voltage value.

The method may further include the steps of:
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(d) calculating the thermal electron current at vmax, le(vmax) as the difference
between the average current X /(vinax) / n measured at a maximum voltage value
vmax, and the current extrapolated from the linear equation for current as a
function of v’, for v’ <0, in accordance with the equation:

Ie(vmax) = (X I(vmax)/n + Ip - vmax Rp/|z|); and
(¢) calculating, for values of v’ > 0, the electron temperature Te from the equation:

(ZIv)/n+1Ip- v’ Rp/|z| )/ Ie(Vmax) = EXp((V'- Vinax )/Te).

It will be appreciated that in this equation the terms Ip and Rp/|z| are preferably derived
in accordance with the methods set out herein. However, it is also possible to carry out
the electron temperature calculation as above without having used the methods
disclosed here for calculation of Ip and Rp/|z|. It is also possible, as outlined in further
detail below, to carry out an operation in the frequency domain which arrives at the

same result.

Preferably, the method further comprises the step of:
determining, from the equation Sgrt([ I (v')- Z1(v’) /n] )= w v’ /{C(v")w’|z|}, the

voltage-dependent capacitance, C(v’).

This then allows one to solve the equation:
C(t) = eA/7411 N{Ne/(v(t)-Vp)}
to obtain the electron density, Ne, and the plasma potential, Vp, where A is the

electrode area and ¢ is the permittivity of free space, in MKS units.

Which is equivalent to solving:
C(v’) = ed/7411 N{Ne/(v'-Vp)}
This can be solved in conjunction with the equation

(1) /n+1Ip- v Rp/z|) / le(v,) = Exp((v’-p)/Te).

Knowing that Ie(Vp) is the thermal flux of electrons at the plasma potential,
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le(Vp) = Y% e Ne Vth A
where Vth is the thermal velocity = V(87e e/nMe), A is the area of the electrode
and Me is the mass of the electron and e is the electronic charge. Te is in units of

Volts.

The electron density and temperature determine the flux of current Ie(v’) to an
electrode. When Ie(v’) is equal to the thermal flux to an unbiased electrode based on the

measured value of Ne and Te then this value v’ must equal Vp.

The general method outlined above may alternatively be carried out using Fourier

transform methods, as will now be disclosed.

Preferably, said step of expressing said current and voltage values comprises performing
a Fourier transform to obtain a series of Fourier components representing the real

electrode current.

Preferably, said step of isolating a contribution attributable only to ion current and a
resistive term comprises identifying within said series of Fourier components one or
more components attributable only to an electron current and subtracting said one or
more electron current components to leave a remainder attributable only to ion current

and a resistive term.

Preferably, said step of determining from said isolated contribution a value for the ion
current, Ip, comprises solving the equation for A0, the zeroth order Fourier coefficient:

A0 =C1 —Ip =0, where CI is the magnitude of the second order Fourier coefficient.

There is also provided a method of measuring ion current between a plasma and an
electrode insulated from said plasma by an insulating layer, wherein a time-varying
voltage is measured at said electrode and a time-varying current through said insulating
layer is measured, the method comprising the steps of:

(a) recording, for each of a plurality of voltage values, v’, a plurality, #, of current

values I(v’) at different times;
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(b) calculating, for each of said plurality of discrete voltage values v’, the real current-
voltage transfer function X I(v’) / n; and

(¢) identifying, from said real current-voltage transfer function, a contribution
comprising values attributable to ion current and not to electron current;

(¢) calculating from said identified contribution a value for the ion current.

There is further provided a method of measuring ion current between a plasma and an

electrode insulated from said plasma by an insulating layer, wherein a time-varying

voltage is measured at said electrode and a time-varying current through said insulating

layer is measured, the method comprising the steps of:

(a) determining the real time-dependent current as a function of the time-varying
voltage;

(c) transforming said function into a frequency domain to generate a plurality of
different frequency components;

(d) identifying among said frequency components a contribution attributable to ion
current and not to electron current;

(¢) calculating from said identified contribution a value for the ion current.

All of the methods above are preferably carried out by a suitably programmed computer

which may be a general purpose computer or a dedicated machine.

Therefore, there is also provided a computer program product comprising a data carrier
having recorded thereon instructions which when executed by a processor are effective
to cause said processor to calculate an ion current between a plasma and an electrode
insulated from said plasma by an insulating layer, wherein a time-varying voltage is
applied to said electrode and a time-varying current through said insulating layer is
measured, the instructions when executed causing said processor to carry out any of the

methods disclosed herein.

There is also provided an apparatus for measuring ion current between a plasma and an
electrode insulated from said plasma by an insulating layer, comprising:

(a) avoltage source for applying a time-varying voltage to said electrode;
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(b) acurrent meter for measuring a time-varying current through said insulating layer
such that for each of a plurality of voltage values, v’, a plurality, #, of current
values I(v’) are measured at different times;

(c) aprocessor programmed to calculate a value for the ion current, by performing a
mathematical transform effective to:

(1) express said current and voltage values as a relationship between the real
component of current through said electrode and the voltage, thereby eliminating
a capacitive contribution to the current through the electrode;

(1) isolate from said real component of current through the electrode an
isolated contribution attributable to an ion current and a resistive term, said
contribution being free of any electron current contribution; and

(1i1) determine from said isolated contribution a value of ion current.

Mathematical justification: measurement of ion current and plasma resistance

It will be recalled that Eq. 1 was the Sobolewski equation, which had certain
inaccuracies. A more accurate equation which contains a resistive component and a
sheath capacitance and can be more widely applied to an RF biased electrode in a

plasma is (using the same notation as Eq. 1):

() =-Ip + Ie(Vma) Exp((v(t)- vimax)/Te) + v(t) Rp/ |z| + dv(t))/dt /{C(t) o)’ |2|} Eq. 2

Where
2l ={Rp” + (1/ C1)" }
Rp = the plasma resistance in series with the sheath capacitance.

o = 2xf, where fis the frequency of the RF voltage on the electrode.

In Eq. 2, which simplifies to Eq. 1 when Rp is zero, /, now contains Ip and the resistive

term v(t) Rp/ |z| and the Sobolewski method does not work.

In Fig. 2 we show, in the case of a sinusoidal voltage, that at time t; = 7/® +0 the
voltage equals v’, where 9 is a arbitrary time defined as -n/(2w) > d <n/(2w). We also

show that at t, = 2t/ -0 the voltage also equals v’.
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In subsequent times the voltage v’ only occurs at times equal to t=n /o - (-1)" & where
n is an integer which increments twice in each period. We also note that for all positive
values of 0 less than 7/(2w), then v’ is negative so that no electrons are present. We can
now construct a series of equations for n = 1 upwards using Eq.2 and ignoring the

electron current.

For n=1: I(@tl) =-Ip +v' Rp/|z| +v C@)/|z| | dv/dt|,-

For n=2: 1(2)=-Ip +v'Rp/|z| -v’ C@®)/\z| dv/dt|,-.

For n=3: 1(3) =-Ip +v' Rp/|z| +v C@)/|z| | dv/dt|,-

For n=4: [ (t4) =-Ip +v'Rp/|z| -v’' C/|z| dv/dt|,-.

where dv/dt|,- - 1s the magnitude of derivative of v with respect to t taken at v’.

As the capacitive term changes sign on alternate values of n then the mean value of the
current over a large number of n will average to zero. Note that it is not necessary to
take the measurements in sequence. Summing and averaging over n samples we see
that:

2Iv)/n=-Ip +v' Rp/|z| forv’ <0 Eq. 3

If we take random samples of I(v’) and average the mean will tend to (-Ip + v’ Rp/ |z|),

and this conclusion is valid for all values of 6 with magnitude less than 7/(2w).
If we now define X I(v”) / n as the real current-voltage transfer function then once we
determine X I(v”) / n we can solve a simple linear equation for v’ <0 to solve for Ip and

the resistive plasma component Rp/ |z|.

Mathematical justification: measurement of electron temperature
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If electrons are present, then from Eq. 2 one can again construct a series of equations for
cach discrete voltage value v’, where v’ > 0, in which the capacitive term changes sign
on alternate values of n so that the mean value of the capacitive term over a large

number of n will average to zero:

2Iv) /n=-Ip + le(Vma) EXp((vV'- Viax )/Te) + v’ Rp/|z| forv’ >0

Rearranging one gets:

EI0) /0t Ip- vRYNZ]) /Telna) = Exp((v'= vou)/Te), forv' >0 Eq. 4

The left hand side of Eq 4 can be found having determined Ip and Rp/|z| as shown
above or in some other way. By taking the log of both sides we have a simple linear

equation from which to determine Te.

Because X I(v’) / n is the average of all measurements, very high signal to noise ratios
can be achieved as the number of samples is increased. The S/N ratio will increase

linearly with the square root of the number of samples. It is not required that complex
waveforms are recorded or that the sample frequency is higher than the RF frequency

allowing for a simple low cost solution where that is required.

Fig. 8 shows a plot of the real current-voltage transfer function X I(v’) / n against v’, for
the data plotted in Fig. 1. It is also possible to determine the imaginary current voltage

transfer function. We also note that the displacement current Ic(t) =I(t) - £ I(v’) / n and
that we can remove the time dependence to produce Irms (v’) which equals the mean of

the square root of Ic(t) squared at each value of voltage v’.
Fig. 9 shows a plot of the imaginary current-voltage transfer function for the data
plotted in Fig. 1. As the displacement current is mainly due to sheath capacitance, we

can determine the capacitance and its non-linearity with respect to voltage.

Determination of electron current, electron density and plasma potential
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The capacitive term is cancelled out when we determine the real current voltage
characteristic. As the displacement current is mainly due to sheath capacitance, we can

determine the capacitance and its non-linearity with respect to voltage.

The voltage across the sheath is relative to the plasma potential, Vp. And its capacitance
is related to the sheath width, d and the area of the electrode A. We also note that ¢ is

the permittivity of free space.

C(t) = eA/d ~ed/ (Ja (v(1)-Vp)/Te)"?) = eA/7411 N{Ne/(v(1)-Vp)} in MKS units. Eq. 5

From Eq. 2 and Eq. 3 we note that
I(v)-Z1I(v) /n = dvt)/dt {Ct)e’|z|)}

The term on the right changes sign so that if we obtain the root mean square value

Sqrt([ I (v)-ZI0v’) /n]’)=w v’ HCH)w’lz|)}

We call the average value of Sqrt([ I (v’)- X I(v’) /n ] °) taken over many samples the
imaginary voltage-current transfer function and we can determine the voltage (or time)

dependant capacitance C(v’) from this function for a sinusoidal voltage.

From Eq. 3, we can obtain the resistive term Rp/|z| (let us denote this as A = Rp/|z|).

From Eq. 5, we can obtain the capacitive term 1 /{C(v")w|z|} (let us denote this term by

the function B(v’)=1/{C(v’)®|z|}).

So that:
Rp= Al
1/{C(v)m} = Blz| ... (for clarity the dependence on v’ is omitted)
zl =(Alz))> + (Blz])* ... (by definition)
= 1/(A* + B?)
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Once |z| is known we can find C(v’) and Rp. Once C(v’) is known we can use Eq. 5 to

solve for Ne and Vp.

Furthermore, the electron current Ie, as a function of voltage in a Maxwellian
approximation is known when Ne, Te and Vp are known. We can use Eq. 4 to verify
values of Vp, Ne by extrapolating Eq4 to Vp. In this way all the key plasma
parameters can be determined from the real and imaginary voltage current transfer

functions.

Because X I(v’) / n is the average of all n measurements, very high signal-to-noise ratios
can be achieved as the number of samples is increased. The S/N ratio will increase
linearly with the square root of the number of samples. It is not required that complex
waveforms are recorded or that the sample frequency is higher than the RF frequency

allowing for a simple low cost solution where that is required.

There is further provided a method of calculating the electron current I. by determining
a log-linear relationship for said real current-voltage transfer function for values of v’ >
0, and extrapolating said linear relationship to determine the resulting current L. at the

plasma potential Vp.

Brief Description of the Drawings

Fig. 1 shows the I(t) and v(t) signals from an RF-biased plasma electrode and the
Sobolewski method to extract Io;

Fig. 2 again shows the I(t) and v(t) signals from an RF-biased plasma electrode,
and illustrates the voltage v’ measured at the times satisfying t = n w/w - (-1)" 9,

Fig. 3 is a schematic diagram of a first sensor for use in measuring a current-
voltage characteristic;

Fig. 4 is a schematic diagram of a sensor array embedded in a placebo wafer;

Fig. 5 is a schematic diagram of a first apparatus for measuring plasma
parameters;

Fig. 6 is a schematic diagram of a second apparatus for measuring plasma

parameters;



10

15

20

25

30

WO 2011/036103 PCT/EP2010/063703

16

Fig. 7 is a schematic diagram of a third apparatus for measuring plasma
parameters;

Fig. 8 is a plot of the real current-voltage transfer function, X I(v’) / n, for the
data shown in Fig. 1; and

Fig. 9 is a plot of the imaginary current-voltage transfer function,

Sqrt ([I(v") — = I(v*)/n]?), for the data shown in Fig. 1.

Fig. 3 shows a schematic diagram of a first sensor for use in measuring a current-
voltage characteristic. The sensor is a differential I-V sensor embedded in a dielectric
material 10 such as ceramic, and comprises a pick-up loop 12 in which the induced
current is proportional to a current between two conducting plates 14, 16 which are
separated by a distance d along the lines of an applied E-field. The output of the sensor
is calibrated at different frequencies to give accurate values of differential voltage and

current.

In use the dielectric material with the embedded sensor is placed on the electrode in
place of a substrate. An RF field is applied to the source electrode. The embedded
sensor electrode is exposed to an RF bias. The coil and capacitive plates pick up the I(t)
and V(t) signals, and these are converted to digital values for processing by the

embedded sensor controller (Fig. 4).

Fig. 4 shows a “placebo wafer”: a silicon wafer having similar dimensions and physical
characteristics to a wafer used in a manufacturing process employing a plasma, for use
in determining the parameters of that plasma. The placebo wafer 20 has embedded
therein a plurality of I-V sensors 22 of the type illustrated in Fig. 3, all of which are
connected to a control processor 24. An electrode with multiple probes can be used to
measure the spatial evolution of plasma parameters across a region of interest such as

the surface of a wafer, or solar panel or other substrate.

The control processor is integrated with a storage medium for capturing the output of
the individual sensors for later analysis when the placebo wafer is removed from the

plasma process.
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The control processor performs the following main functions;

a)  Data sampling and conversion, where the I(t) and V(t) signals from the multiple
embedded sensors are sampled at a pre-determined sampling rate and converted to
digital values which are stored in memory.

b)  Digital Signal processing, where the converted I(v) and V(t) data points are
processed using a digital Fourier transform, the output being a Fourier
representation of the voltage current and relative phase of the measured signals.

c)  Post processing, where the acquired data is averaged to improve signal to noise
ratio.

d)  Data formatting and storage, where the acquired data is suitably formatted and
stored for transmission to the host software.

¢)  Transmission of the acquired data to the host software/program for presentation,

monitoring and further analysis.

Fig. 5 illustrates the use of the placebo wafer of Fig. 4. The wafer 20 is placed on a
chuck 26 which acts as an electrode. The chuck 26 and wafer 20 are within a plasma
chamber 28 within which a plasma process 30 operates. A match unit 32 is connected
to an RF power supply 34. The power supply drives a voltage at an RF frequency. The
match unit matches the non-50 Ohm impedance of the plasma chamber to the 50 Ohm
transmission line impedance of the RF power supply. The placebo wafer is exposed to
the generated RF field. The sensors on the placebo wafer generate I(t) and V(t) signals
at different positions along the wafer. These signals are processed by the embedded

controller on the placebo wafer, where they are processed.

Figs. 6 and 7 show two further embodiments, in each of which there are certain
common elements including a plasma chamber 40 in which a real process wafer 42 (in
contrast to the placebo wafer of Figs. 4 and 5) is mounted on a chuck 44 and exposed to

a plasma process 46.

In the Fig. 6 embodiment, a match unit 48 is connected between an I-V sensor 50 and an

RF power supply 52. The sensor 50 is coupled to the chuck 44. The output from the
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sensor (providing the measured current as a function of applied voltage) is picked up by
a data analysis and storage unit 54 which is connected to a computer (not shown) to

perform analysis of the stored data and thereby calculate the plasma parameters.

In the Fig. 7 embodiment a match unit 56 is connected between an RF power supply 58
and the chuck 44. An arbitrary waveform generator 60 drives an I-V sensor unit 62
having embedded electronics and storage. The sensor unit 62 is coupled to a probe 64
extending into the plasma process. The measured I-V response from the sensor
(providing the measured current as a function of applied voltage) is stored in the
embedded storage which is connected to a suitably programmed computer (not shown)
to perform analysis of the stored data and thereby calculate the plasma parameters,

either in real time or as a later batch process.

It will be appreciated that the data can be wirelessly transmitted between components
and that any suitably networked system can be substituted for a stand-alone computer,
and that the distribution of components can take any suitable form. The computer can
be replaced with a dedicated microprocessor, with hard-wired electronic circuitry, or
with any other suitably programmed apparatus to perform the required data analysis and

calculations.

A typical programmed data processing operation will now be described. The apparatus
is controlled to apply a time-varying voltage to the sensor and to measure the resulting

current arising picked up by the coil through the insulator of the sensor.

Measurements are taken of the voltage v(t) and the current I(v) on the electrode placed
in the plasma. Current can be measured by means of an inductive pick-up and voltage
by means of a capacitive pick-up. The I-V probe is calibrated over a broadband of
frequencies typically to 10 times the fundamental of the applied RF voltage. The
sampling rate of the I-V probe can be any suitable frequency and need not exceed the

fundamental, reducing the cost of the system.
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The sensor is calibrated in-situ to remove the effects of parasitic capacitance and
resistance and to give a true value of the current and voltage at the electrode, taking into

account transmission line effects between the location of the sensor and the electrode.

The recorded current at the electrode is continuously incremented into a current table in

rank order with the measured voltage taken at the same time.

For example the Current rank table could contain entries for ranks from 0 — 100 for an
applied voltage that has an amplitude of 50V peak (i.e. each rank covers an interval of 1
volt). A second Count table is used as an index to obtain the current average. If the
voltage is 49.6 and the current .13 amps then the current is added to the rank 100 that is
between 49 and 50 volts and the Count(100) entry is incremented by one. If the next
measurement is -20 V and -.1A then -0.1A is added the 30th rank between -20 and -19
volts and the count index at location 30 (Count(30)) is incremented by one. This
procedure continues at ideally the full sample rate until a measurement of ion flux is

required.

Supposing the sample rate is 10 million samples per second and 10 measurements per
second are required. At the end of 100ms the process would have added 1 million
current values into the Current table with each location containing on average 10,000
measurements (the distribution will not be exactly uniform due to the sinusoidal
variation in voltage which means that not more samples are collected towards the
maximum and minimum voltages if the sample rate is uniform, but by collecting a
number of samples there will still be an ample number collected for each voltage rank).
The exact number of current measurements in each location of the Current table would
be recorded in the count table. A new table, AvCurrent table is created by dividing each
value of the Current table with the corresponding index table value AvCurrent (Vrank)

= Current(Vrank)/Count(Vrank) for Vrank = 0 to 100.

During the negative part of the voltage cycle the electrode collects ion current and
electrons are repelled as the voltage becomes more positive electrons are collected.

Over the whole cycle the net current is zero as no net current flows in a capacitor.
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Pseudocode implementation:

inc =1 line 1
For t =0 to T line 2
Vmin = min(v(t)) line 3
Vmax = max(v(t)) line 4
i = integer ((v(t)-Vmin) /inc) line 5
IR(i) = IR(1) + I(t) line 6
IC(i) = Ic(i) + 1 line 7
IT(i) = II(1i) + sgrt((I(t)-IR(i)/IC(i))"2) line 8

IE = IR((Vmax-Vmin)/int) /IC(Vmax-Vmin) /int)-IR(0)/IC(0) line 9

Then for i < (-Vmin/inc) line 10
Solve line 11
IR(i)/IC(i) = -Ip + (i*inc+Vmin) Rp/|z|

To obtain A = Rp/|z| line 12
Then for i > (-Vmin/inc) line 13
Solve line 14

Log ((IR(1i) /IC(i))+Ip-(i*inc+Vmin)Rp/|z|)-log (IE)

= ((i*inc+Vmin)-Vmax) /TE line 15
Solve line 16
II(i)/IC(i) = (i*inc+Vmin)/{C(i)* omega*|z|}

To obtain B = 1/{C(i)* omega*|z]|} line 17
Solve line 18
lz| = 1/(A"2 + B"2) line 19
Using value for |z]| obtain Rp from A line 20
Using value for |z| obtain C from B for each v’ line 21
Solve line 22
C(v') = egA/T7411 N{Ne/ (v’ -Vp)}

To obtain value for Ne and Vp line 23
Remarks:

Line 1: 1 volt per increment in rank

Line 5: converts measured voltage v(t) into the corresponding rank i. So for Vmin

= -50 and Vmax = +50, i will range from 0 to 100. For Vmin = -20 and
Vmax = +20 with inc = 0.2 (i.e. rank interval = 0.2 volts), 1 will range from
0 to 200

Line 6: IR is real transfer function. The value of each current measurement I(t) is
added to a cumulative aggregate total of all of the current values measured
for voltages v(t) falling within the same rank i. Each rank i therefore has
its own associated cumulative total IR(1).
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Line 7: increments a count register for that rank.
Line 8: IT is the imaginary transfer function, and for each measurement I(t) the

expression Sqrt([ I (v’)- X I(v’) /n ] ?) is evaluated and added to a
cumulative register II(i) for the associated voltage rank, for use in later
calculations.

Line 9: calculating the thermal electron current le(vmax) as the difference between
the current I(vmax) measured at a maximum voltage value vmax, and the
current I(vmin) measured at a minimum voltage value vmin.

Line 10: for v(t) <0

Line 12: equivalent to the equation X I(v’) /n=-Ip + v’ Rp/|z|, which can be
solved for the intercept —Ip and the slope Rp/|z|.

Line 13: for v(t) > 0

Line 15: equivalent to the equation log.(2 I(v’) /n + Ip - v’ Rp/|z| ) - log. (Ie(Viax))
= (v'- Vmax )/Te, which can be solved for Te

Line 17 equivalent to the equation Sgre(/ I (v')-ZI(v’) /n] )= w v’ /{CH’)&’|z|}

The present invention solves the equations by means of an averaging technique that is
much less sensitive to noise and can measure Rp, Te and Vp. It thus overcomes the
drawbacks of the current art and can measure the ion flux, and other key plasma
parameters on any RF biased electrode including the substrate. The technique can
measure the ion flux to an RF biased substrate or surface without the need for a special
probe to be mounted in the chamber. The technique can also use the existing RF bias
which may already be present. Further the technique does not need to pulse on and off
an RF but can measure the ion flux directly even when the RF is continuously applied to

a capacitive-coupled electrode.

The technique meets the needs of plasma systems to measure ion flux and electron
temperature on the RF biased substrate or electrode and is a simpler and less expensive
way than the known art. The technique is versatile and can provide a powerful
diagnostics of a wide range of plasma chambers. The technique also allows the
measurement of other key parameters such as effective plasma resistance which is
linked to the effective electron collision frequency. The technique can determine
electron density and plasma potential. In this regard the technique is more versatile than
a Langmuir probe which is the standard technique used in research reactors but not

suitable to process reactors.
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Harmonic analysis

A similar approach using the real components of Fourier transforms of current and
voltage can also achieve similar results. An important conclusion disclosed here is that
the magnitude of the real component of current to the electrode is approximately equal
to the ion flux for cases where V Rp < lonFlux. Furthermore, where the amplitude of V
>> KTe, then the real component of the first harmonic also approaches the amplitude of

the ion flux even when V Rp > lonFlux.

If one takes the real current-voltage characteristics and then notes, where the amplitude
of v’ greatly exceeds the electron temperature expressed in units of voltage, the
electron current approaches a delta function about vy, We can now remove the
electrons in voltage space, as described above, by staying at negative voltages (away
from v,.4), Or in Fourier space by noting the properties of a delta function in time. The

key is to use the delta function to eliminate the electrons.

In a voltage-current transfer function we express the current as a function of voltage

rather than time:

Iv(®) = -Ip + R/z| * (1) + Le(Vinax JEXp(v(D)- Viax)/Te) + dv(®)/dt HCH)w|2|)

For simplicity we assume v(?) has the form v, sin(wz). The real voltage-current

transfer function will be of the form

Real(Iiv(t)) = -Ip + R/|z| Viwax cos(Wt) + 1e(Viax) EXP((Vinax SIR(WE) — Viax )/ Te)

In the limit v, /Te >>1 the term on the right tends towards a delta function centered
on Ve SO that this term is effectively zero when cos(wt) is negative, that is during the
negative half cycle of the voltage. It also means that the Fourier cosine components of
+le(Vimax ) EXp((Vimax SiR(WE) — Viax )/Te) tend towards a constant, C1, including the DC
component. Because we have a dielectric layer then the dc component is zero and by

definition Ip=C1. A more formal mathematical derivation follows:
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The real and imaginary current-voltage transfer functions are expressed in terms of
current as a function of voltage. We express the current as a function of the time
independent voltage value v’. But v’ can also be expressed as a function of time. In the
case of the real current-voltage transfer function this is expressed as v’ = vmax cos(mt).
In the case of the imaginary current-voltage transfer function it is expressed as v’ =

vmax sin(ot).

It is also possible to replace the analysis by using Fourier analysis. Fc is the Fourier
Cosine Transform and extracts the real component of the function. In many practical
applications it is possible to assume that the voltage is a sinusoidal signal with

amplitude V0. We also note that vmax = V0 by definition. Then:

Fr(v’) = Fr(VO0 cos(wt)) = A0 + Alcos(wt) + A2cos(2mt) +... Eq. 6
Where Fr represents the real component of the Fourier transform.

Fr(v’) =-Ip + R/|z| * v’ + le(vmax )Exp((v(t)- vmax )/Te) ... [from Eq. 2]

Fr(v’) =-Ip + R/|z| * VO cos(wt) + Ie(VO)Exp((VO cos(wt) — VO )/Te) Eq. 7

From Eqgs. 6 & 7:

A0 + Al*cos(mt) + A2cos(Rwt) +...
= -Ip + R/|z| * VO*cos(wt) + le(vmax )Exp((VO0*cos(wt) - vmax )/Te) Eq. 8

This equation is now a function of time. Taking the fourier cosine transform of Egs. 6
and 8 and measuring a number of real current harmonics allows us to solve for Ip and

other parameters.

In the vast majority of plasmas, VO/Te will exceed 10 and so the approximation
V0/Te— o is valid, at least for the first few harmonic components. In the limit of
V0/Te— oo, the exponential term approaches a delta function at V0. Then the Fourier

Transform of the exponential term is just a constant C1 at all frequencies.
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A0 =-Ip+Cl
Al =R/|z| * VO + CI
A2=C1; A3=Cl1; ... An=Cl1 (for n>=2)

AOQ is the direct current term and as there is a dielectric blocking the DC this means that
A0 must be zero, then C1 = Ip. We can now measure the amplitudes associated with
the first order and second order terms, Al and A2, and solve for C1, Ip and the resistive

term R/|z].

The invention is not limited to the embodiment(s) described herein but can be amended

or modified without departing from the scope of the present invention.
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Claims:

1. A method of measuring ion current between a plasma and an electrode in
communication with said plasma, wherein a time-varying voltage is measured at said
electrode and a time-varying current through said electrode is measured, the method
comprising the steps of:
(a) recording, for each of a plurality of voltage values, v’, a plurality, #, of current
values I(v’); and
(b) obtaining from said current and voltage values a value of said ion current;
wherein:
said electrode is insulated from said plasma by an insulating layer, such that said
current values lack a DC component; and
said step of obtaining a value of said ion current comprises performing a
mathematical transform effective to:
(1) express said current and voltage values as a relationship between the real
component of current through said electrode and the voltage, thereby eliminating
a capacitive contribution to the current through the electrode;
(i1) isolating from said real component of current through the electrode an
isolated contribution attributable to an ion current and a resistive term, said
contribution being free of any electron current contribution; and

(1ii) determining from said isolated contribution a value of ion current.

2. A method as claimed in claim 1, wherein said step of expressing said current and
voltage values comprises obtaining an average of the current values measured for each

of a plurality of discrete voltage values.

3. A method as claimed in claim 1 or 2, wherein said step of isolating a
contribution attributable only to ion current and a resistive term comprises determining
a threshold voltage below which electron current is inhibited, and isolating a set of

current values corresponding to a set of voltage values below said threshold.
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4. A method as claimed in 3, wherein said step of determining from said isolated

contribution a value for the ion current, Ip, comprises solving, for values of v’ less than

said threshold, the equation:
2I(v)/n=-Ip +v'Rp/|z

B

where:

Rp is the plasma resistance,

2l = {Rp’ + (I/ aC(t)" },

o = 2nf, where fis the frequency of the RF voltage on the electrode, and

C(t) is the time-dependent capacitive component of the plasma impedance.

5. A method according to claim 4, further comprising the step of calculating the

resistive term Rp/ |z| as a solution to the same equation: Z I(v’) /n=-Ip + v’ Rp/|z]|.

6. A method as claimed in any preceding claim, wherein said time-varying voltage

is a sinusoidal voltage applied to said electrode.

7. A method as claimed in any preceding claim, wherein said plurality, », of
current values I(v’) measured for each of a plurality of voltage values, v’, include
approximately n/2 values measured where the voltage is increasing and approximately

n/2 values measured where the voltage is decreasing.

8. A method as claimed in claim 7, wherein said voltage is a periodically varying
voltage and said current values I(v’) are measured at times which are uncorrelated with

the period of the voltage.

9. A method as claimed in claim 4 or any claim dependent thereon, further

comprising the steps of:

(d) calculating the thermal electron current at vmax, le(vmax) as the difference
between the average current X I(vmax) / n measured at a maximum voltage value
vmax, and the current extrapolated from the linear equation for current as a
function of v’, for v’ <0, in accordance with the equation:

Ie(vmax) = (X I(vmax)/n + Ip - vmax Rp/|z|); and
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(¢) calculating, for values of v’ > 0, the electron temperature Te from the equation:

(ZIv)/n+1Ip- v’ Rp/|z| )/ Ie(Vmax) = EXp((V'- Vinax )/Te).

10. A method as claimed in claim 4 or any claim dependent thereon, further
comprising the step of:
determining, from the equation Sgrt([ I (v')- Z1(v’) /n] )= w v’ /{C(v")w’|z|}, the

voltage-dependent capacitance, C(v’).

11. A method as claimed in claim 10, further comprising the step of solving the
equation:

C(t) = eA/7411 N{Ne/(v(t)-Vp)}
to obtain the electron density, Ne, and the plasma potential, Vp, where A is the

electrode area and ¢ is the permittivity of free space, in MKS units.

12. A method as claimed in claim 1, wherein said step of expressing said current and
voltage values comprises performing a Fourier transform to obtain a series of Fourier

components representing the real electrode current.

13. A method as claimed in claim 12, wherein said step of isolating a contribution
attributable only to ion current and a resistive term comprises identifying within said
series of Fourier components one or more components attributable only to an electron
current and subtracting said one or more electron current components to leave a

remainder attributable only to ion current and a resistive term.

14. A method as claimed in claim 12 or 13, wherein said step of determining from
said isolated contribution a value for the ion current, Ip, comprises solving the equation
for A0, the zeroth order Real Fourier coefficient: A0 = C1 — Ip = 0, where C1 is the

magnitude of the second order Real Fourier coefficient.

15. A method of measuring ion current between a plasma and an electrode insulated

from said plasma by an insulating layer, wherein a time-varying voltage is measured at



10

15

20

25

30

WO 2011/036103 PCT/EP2010/063703

28

said electrode and a time-varying current through said insulating layer is measured, the

method comprising the steps of:

(a) recording, for each of a plurality of voltage values, v’, a plurality, #, of current
values I(v’) at different times;

(b) calculating, for each of said plurality of discrete voltage values v’, the real current-
voltage transfer function X I(v’) / n; and

(¢) identifying, from said real current-voltage transfer function, a contribution
comprising values attributable to ion current and not to electron current;

(¢) calculating from said identified contribution a value for the ion current.

16. A method of measuring ion current between a plasma and an electrode insulated

from said plasma by an insulating layer, wherein a time-varying voltage is measured at

said electrode and a time-varying current through said insulating layer is measured, the

method comprising the steps of:

(a) determining the real time-dependent current as a function of the time-varying
voltage;

(c) transforming said function into a frequency domain to generate a plurality of
different frequency components;

(d) identifying among said frequency components a contribution attributable to ion
current and not to electron current;

(¢) calculating from said identified contribution a value for the ion current.

17. A computer program product comprising a data carrier having recorded therecon
instructions which when executed by a processor are effective to cause said processor to
calculate an ion current between a plasma and an electrode insulated from said plasma
by an insulating layer, wherein a time-varying voltage is applied to said electrode and a
time-varying current through said insulating layer is measured, the instructions when

executed causing said processor to carry out the method of any of claims 1 to 14.

18.  An apparatus for measuring ion current between a plasma and an electrode
insulated from said plasma by an insulating layer, comprising:

(a) avoltage source for applying a time-varying voltage to said electrode
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a current meter for measuring a time-varying current through said insulating layer
such that for each of a plurality of voltage values, v’, a plurality, #, of current
values I(v’) are measured at different times;

a processor programmed to calculate a value for the ion current, by performing a
mathematical transform effective to:

(1) express said current and voltage values as a relationship between the real
component of current through said electrode and the voltage, thereby eliminating
a capacitive contribution to the current through the electrode;

(1) isolate from said real component of current through the electrode an
isolated contribution attributable to an ion current and a resistive term, said
contribution being free of any electron current contribution; and

(1i1) determine from said isolated contribution a value of ion current.
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