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Abstract:

In a dc-magnetron discharge with argon feed gas, densities of copper atoms in the ground
state Cu(ZSl/z) and metastable state Cu*(zDs/Z) were measured by resonance absorption
technique, using a commercial hollow cathode lamp as light source. The operating
conditions were 0.3 - 14 pbar argon pressure and 10 - 200 W magnetron discharge power.
The deposition rate of copper in a substrate positioned at 18 cm from the target was also
measured with a quartz microbalance. The gas temperature, in the range of 300 to 380 K,
was deduced from the emission spectral profile of N2(C3Hu - B3Hg) 0-0 band at 337 nm
when trace of nitrogen was added to the argon feed gas. The isotope-shifts and hyperfine
structures of electronic states of Cu have been taken into account to deduce the emission
and absorption line profiles, and hence for the determination of atoms densities from the
measured absorption rates. To prevent error in evaluation of Cu density, attributed to the
line profile distortion by autoabsorption inside the lamp, the lamp current was limited to
5 mA. Density of Cu(zsm) atoms and deposition rate both increased with the enhanced
magnetron discharge power but at fixed power the copper density augmented with argon
pressure whereas the deposition rate followed the opposite trend. Whatever the gas
pressure, the density of Cu*(zDs/z) metastable atoms remained below the detection limit
of 1 x 10" cm™ for magnetron discharge powers below 50 W and hence increased much
rapidly than the density of Cu(zsm) atoms, over passing this later at some discharge
power, whose value decreases with increasing argon pressure. This behavior is believed
to result from the enhancement of plasma density with increasing discharge power and
argon pressure, which would increase the excitation rate of copper into metastable states.
At fixed pressure, the deposition rate followed the same trend than the total density of
copper atoms in the ground and metastable states. Two important conclusions of this
work are: i) copper atoms sputtered from the target under ion bombardment are almost all
in the ground state Cu(ZSm) and hence in the plasma volume they can be excited into the
metastable states; i) all atoms in the long-lived ground and metastable states contributes
to the deposition of copper layer on the substrate.

* Corresponding author ; E-mail : nader.sadeghi @ujf-grenoble.fr



1- Introduction

Magnetron discharges are widely used for thin film deposition in surface treatment’ %,
magnetic and superconducting devices®, semiconductor industry* and in surface coating
engineering of materials under low temperature conditions™ ®. In these systems, the
magnetic field, usually produced by placing permanent magnets behind the cathode,
confines the plasma in the near cathode region, reducing the electron loss to the
sidewalls. By increasing the ionization rate near the cathode, which is also the target to be
sputtered, its confinement helps to maintain the plasma at much lower buffer gas pressure
than in a normal dc discharges. Bombardment of the target by ions leads to the sputtering
of metal atoms, which then diffuse in the plasma volume and are partly deposited in the
substrate positioned at about tens of cm from the target. So, in spite of small current
densities, high metal atom production rates are achieved by magnetron discharges. Also,
the high stability and uniformity of these plasmas are another factor for the success of
these systems. But uniform, high quality and damage-free layer deposition requires the
deep understanding of the gas phase processes in magnetron plasma, sputtering processes
from the target, and deposition processes on the substrate. In particular, it is of prime
importance to identify different electronic states of the metal, copper in the present case,
which are highly populated. Beside the ground state, metastable states of copper, from
which optical transition to the ground state is forbidden, must therefore be considered.
The most popular diagnostic tools to characterize the plasma volume and control the
discharge parameter are optical emission and absorption techniques. Britum ez al have
used a Fabry-Perot interferometer to deduce the gas temperature in argon magnetron
discharges with different target materials’, or to record the velocity distribution function
of sputtered metal atoms®. The same group characterized a titanium magnetron discharge
by using the resonance absorption technique, with a hollow cathode lamp’ or the laser
induced fluorescence techniquelo. Using the space and time resolved laser induced
fluorescence technique in magnetron plasmas of different target materials (Fe, Ti, Cu)
and rare gases (Ar, Kr, Xe), Sasaki ef al have suggested that dimmers and trimers of
metal atoms could also be sputtered from the target and get dissociated in the plasma
volume''. The space resolved electron density and energy distribution function of
?SIe&trons have also been obtained with a Langmuir probe in several magnetron systems' >
In this work the emission spectroscopy of nitrogen, added as trace to the argon buffer gas,
is used for monitoring the gas temperature and the resonance absorption spectroscopy,
with a commercial hollow cathode lamp as light source, is employed for the measurement
of copper atoms densities in the ground state Cu(ZSm) and metastable state Cu*(2D5/2).
Figure (1) shows the simplified energy levels of copper involved in this work. Due to the
presence of two isotopes in copper and a /=3/2 nuclear spin in both isotopes, the
electronic states of copper are split in different sub-levels. Consequently, the precise
determination of atoms densities from absorption measurements requires an exact
treatment of the absorption phenomenon for a multi-line transition.

This paper is organized as following: Experimental set-up and measurement techniques
are presented in section 2. Section 3 deals with gas temperature measurements. Principles
of resonance absorption spectroscopy and its application to multicomponent lines are
developed in section 4 and in Appendix A. The influence of the magnitude of the current
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running the hollow cathode lamp, used for the absorption measurements and the effective
temperature of the lamp are shown in section 5. Results relative to the variation of copper
deposition rate on the substrate and of Cu(ZSm) and Cu*(2D5/2) densities in the plasma
volume are reported in sections 6 and 7, respectively and conclusions derived from these
results are presented and discussed in section 8.

2- Experimental

The experimental set-up is shown in figure 2. The magnetron used in this study
consists of a 60 cm diameter, 50 cm high stainless steel chamber (MECA-2000
Sputtering System) equipped with two 7.5 cm diameter water cooled targets. One of the
targets is connected to a Radio Frequency source for the plasma excitation in the RF
mode and the other target, which is the only one used in this work, is made of 99% pure
copper disk connected to a high voltage dc source. Around each target, the unbalanced
magnetic field, produced by 22 permanent magnets, has a conventional structure'® with
40 mTesla strength at the target surface. The distance from the target to the chamber base
is 12 cm and the distance from the target axis to either chamber axis and chamber wall is
15 cm. The pumping system, composed of a 900 1/s turbomolecular pump (ATP900
Alcatel) backed by a 30 m*/hour rotary pump (2033SD Alcatel), can provide a base
pressure down to 5 x 10” mbar inside the chamber. Argon (99.999% purity) is admitted
into the chamber with a flow rate of 25 sccm and a throttle valve, located in the entrance
of the turbo pump, maintain the chamber pressure, measured with a capacitance gauge, to
a pre-set value in the range of 0.3 to 14 ubar. The plasma is produced by applying a
negative high voltage to the target, the grounded chamber walls acting as anode. The dc
magnetron power is automatically set to its pre-fixed value (up to 1 kW) by the
adjustment of the applied dc voltage. Up to 220 W power is used in the present work, for
which the voltage is ranging between 280 and 400 V. To ascertain the gas purity in the
magnetron chamber during optical measurements, argon flows through the magnetron
chamber for about 5 minutes before each data acquisition series and the gas purity is
checked from the absence of nitrogen bands in the light from the magnetron discharge.
For the gas temperature measurements from the rotational structure of N, molecular
bands, a few per cent of nitrogen is added to the argon feed gas. The 10 cm diameter
substrate holder is located at the same radial position than the target at 18 cm above it.
The deposition rate to the substrate of the sputtered metal atoms is measured with a
quartz microbalance, located at the same level than the substrate and at close distance to
it.

Observed visually, the plasma expands in front of the target and, depending on the gas
pressure, the plasma diameter increases with the distance from the target. The chamber
has several viewports; two of them positioned along a diagonal are equipped with 2.5 cm
diameter quartz windows for optical diagnostics. The axis of these windows is positioned
at 10 cm above the target, where the plasma is almost homogeneous, within the 20 cm
long Cu density measurement volume (see below), for the all studied conditions. Density
of copper atoms is measured by resonance absorption technique, with the probe beam
from a copper hollow cathode lamp crossing the plasma chamber through the windows
(see Fig. 2). To limit the monitoring zone to the homogeneous part of the plasma, two
1.25 cm inner diameter tubes are positioned inside the chamber along the observation



windows axis. The one located in the magnetron discharge side is 5 cm long and the other
one is 35 cm long, providing between them 20 cm absorption length through the plasma.
These tubes also protect the windows from the metal deposition. For the resonance
absorption measurements, a 2.5 cm diameter, 10 cm focal length quartz lens provides a
parallel light beam from a commercial copper hollow cathode lamp (HCL). After
crossing the plasma chamber through the limiting tubes, the beam is focused with a 2.5
cm diameter, 5 cm focal length quartz lens into the entrance slit of a HR-320
monochromator (Jobin-Yvon), equipped with a 2400 groves/mm grating. Both entrance
and exit slits widths are set to 100 um, providing a spectral resolution of about 0.14 nm,
full width at half maximum (FWHM). The light is then detected with a photomultiplier
tube (Electron Tubes Limited model P25232-05) working in the photon counting mode.
For absorption measurements, the monochromator is set on one of the copper lines (324.7
nm, 327.4 nm or 510.6 nm). To extract the absorption signal from the light received by
the PMT, the emission of the hollow cathode lamp is square wave modulated at 10 Hz, by
modulating the voltage applied to the lamp with a MOSFET relay in its power supplier
(14 in Fig. 2). A 38 kQ resistor limits the HCL current. In every 50 ms half period of the
square wave, Sms after the HCL current is turned on or off, the main generator (13 in Fig.
2) sends a pulse to the PMT controller which turns on for 35ms its high voltage. The
number of photons counted during this period of time is then recorded to the computer
and the counter is reset to zero, waiting for the next count signal from the main generator.
So, one out of the two following records corresponds to the plasma emission (when the
HCL is off) and the other one (when the HCL is on) represents the light from the HCL,
transmitted through the plasma, plus the plasma emission. Finally, a file, with the sample
numbers in the first column and the corresponding photon counts in the second column,
is built and stored in the computer. As an example, Figures 3 and 4 show the recorded
data for the 510.6 nm and 327.4 nm lines when the magnetron power was progressively
enhanced up to 220 W, by steps of 10 or 20 W. Each record starts with the magnetron
plasma turned off, under which conditions the difference between the mean values of the
HCL on time data (upper trace) and the HCL off time data (lower trace) provides the
unabsorbed intensity /y. The dark count rate of the PMT, Sgg, is also deduced from the
HCL off time data. After =20 seconds of data acquisition (20*¢ samples), the magnetron
plasma is turned on at 10 W. The corresponding intensity change is clearly seen at sample
number around 200 of the 327.4 nm record of Fig. 4. The signal is so recorded during 20-
30 seconds for each discharge power before this later is increased again by 10 or 20 W. In
the inset of Figure 3, the successively recorded photon counts and their changes at sample
2905, when the plasma power is increased from 70 to 80 W, are easily identified. At each
plasma power W, the difference between the mean values of the HCL on period records
(upper trace) and the HCL off period records (lower trace) provides the corresponding
transmitted intensity /(W). The absorption rate, A(W) at power W is deduced from the
relation'®; A(W)=1-(I(W)/l,). Also, the difference between the HCL off period count and
Spg is proportional to the plasma emission signal at this power. The last records on each
file are with the plasma turned off again and /) deduced from these records permits to
verify the stability of the HCL emission signal.



3- Gas temperature

As it will be discussed in the following section, the determination of absorbing
atoms density requires the knowledge of the Doppler width of the absorption line, hence
the kinetic temperature of these atoms. A very reliable method to obtain the gas
temperature is from the linewidth of the Doppler-broadened absorption profile of a
specific line, measured with a single-mode tunable diode laser. Absorption from argon
metastable atoms is particularly popular in pure argon plasmas''*'** or by adding a
small amount of argon to the halogen based plasmaszl. Another commonly used
technique consists of adding a small amount of a diatomic molecule, very often N, to the
plasma and on the measurement of its rotational temperature. This temperature, deduced
from the emission intensity of the rotational lines of N( c’ I1,- B’ 11,) transition, is
assumed to be in equilibrium with the kinetic energy of the bath gas22. The strong 0-0
band of the second positive system at 337.1 nm, originating from the C° /7, state is often
chosen to probe the rotational distribution of this state. However, in argon plasmas,
especially at low electron density conditions, the N, C; v’=0 level is also populated by the
energy transfer reaction from the most abundant Ar*(3P2) metastable atoms, which
preferentially populates the high rotational levels (up to J = 55) of the C; v’=0 level,
resulting in an ‘effective rotational temperature’ of about 2300 K****. Extended
discussion on Botzmlann equilibrium in rotational levels by collisional transfers
evidenced that in argon plasmas the equilibrium is barely reached and the high rotational
levels of the C; v’=0 state always remain overpopulatedzs. To overcome this problem, the
0-0 bangisgzgn be fitted assuming a two temperature rotational distribution according to the
relation™ "

[N, ] 27 +)(Exp(=F, IkT*)+ R*(T* IT")* Exp(—F, IkT")) (1)

where [/V,] is the density of the J rotational level, F} is its energy, T,L and T,H are
temperatures of two Boltzmann distributions, and R is the ratio of the total populations of
these two distributions. 7" and T." would correspond to distributions originating from
electron impact excitation out of the ground state and to the energy transfer reaction from
Ar* metastables, respectively.

To measure the gas temperature, 10% nitrogen is added to the argon feed gas and
the N C317u- B3]Yg ) 0-0 band at 337 nm is recorded with the optical detection system
described in section 2, by scanning the wavelength of the monochromator. The emission
intensity of several argon and copper lines is monitored to ascertain that the introduction
of 10% N, into argon do not introduce significant perturbation on magnetron discharge.
The density of ground state Cu atoms also remains unchanged. Figure 5 shows the
spectra recorded at 0.6 pbar total pressure and 200 W discharge power, together with the
simulated spectra according to Eq. (1). Spectra recorded with different % of N, have

shown that within the 10 K uncertainty of the fitting procedure, the T" remains

unchanged when the amount of N in argon is less than 20%. For the experimental
conditions of Fig. 5, the neutral atoms temperature of the magnetron plasma 7,, which

corresponds to the 7" value deduced from the two temperature fitting25’26, is 320 K; the



rotational distribution in the high J levels being represented by 7. =1500 K. For gas

pressures of 0.6, 4.5 and 14 pbar, the T, deduced from the recorded nitrogen spectra at
different discharge powers are plotted in figure 6 and range between 300 and 380 K.
Values at intermediate pressures can be deduced by the interpolation of these data. As
expected, at fixed pressure, T, increases with the dissipated power, but also slightly with
the gas pressureZl.

From the measurement of the Cu emission linewidth with a Fabry-Perot interferometer,
Ball et al have reported a comparable gas temperature of 350 K in a dc copper magnetron
discharge running with argon gasZ7. Also, Kang et al, have reported a mean gas
temperature of 300 K in pulse copper magnetron plasmazg. However, gas temperatures
reported by Leroy ef al in Ti magnetron plasma with argon are much higher and range
between 350 and 2000 K*. The first explanation for these high values could be the up to
1.5 kW dc power applied in their experiments. Another reason could be the method used
by these authors, which consisted of the assumption of a Boltzmann equilibrium at gas
temperature within the fine structure levels of Ti ground state atoms. But previous
experiments on the time variation of the density of Ti atoms in these fine-state levels in
the afterglow of a hollow cathode discharge have shown that, due to the collisional
transfers by electron impact between these fine-state levels, the temperature deduced
from the Boltzmann equation would provide a much higher value than the gas
temperature3 0 Gas temperatures measured by Britum ef al in Cu and Ti magnetron argon
plasmas, range between 600 and 1500 K’. Both techniques used by these authors - Fabry-
Perot for the linewidth determination of copper and argon lines and the rotational
temperature of the 2" bands of nitrogen added as trace gas- provided comparable results.
The dc power applied in that work was apparently similar to what we have used in the
present work and the much higher temperatures found in Britum’s measurements can be
justified by the much larger volume of our plasma chamber, hence smaller power density
in our experiments than in Britum’s work’. Also, their measurement point was located at
3 cm from the target (10 in this work) and the gas pressure range was about an order of
magnitude larger. So the gas heating by fast metal atoms sputtered from the target was
much more efficient in Ref. 7.

4- Resonance absorption

Determination of the ground state atoms density by resonance radiation has been
developed by Mitchell and Zemalnsky16 and since yet the technique has been widely used
by several workers*****-! However, in natural copper, two isotopes: %Cu (69%) and
%Cu (31%), with a nuclear spin I= 3/2 for both isotopes, are present. Due to the isotope
shift and hyperfine structure of the levels®>>, each transition has several components and
the spectral profiles of the lines are quite complex. Consequently, the simple formula
provided in Ref. 16 for a single line can no more be applied. In this section we will
develop the formalism which must be used for the resonance absorption of
multicomponent lines. The total intensity, Iy of the line in the absence of absorption is:

I,=["1,0)dv = .[:ZIOJ v)dv )



where I, (V) is the incident intensity of the i component at frequency v. When the line
profile is of Doppler shape, (2) becomes™*:

2
0 2 ln2 V_VO,i
1,= jo Zj“lo!i(voj)ﬁ 7.E)q{—mnz){ v J }dv (3)

where E;(Vy;) is the intensity of i component at its central frequency Vy;, and A4V, is the
Doppler width of the emission line from the source at temperature 7.

_ 2 [2an2)T;

Av, =
S M

“)

The intensity 7 of the outgoing light from a homogeneously absorbing medium of length /
is given by the Beer-Lambert law'®:

1=["1,0)-Exp(-Lk().dv = [ 1, (V). Exp(-L.Y K, (v)).dv )

where k;j(V) is the frequency dependent absorption coefficient of the j component of the
absorption line.
For a Doppler broadened single absorption line, the absorption coefficient is*:

k) =— 2 lnz.fO.NO.Exp{—4(ln2)(V_V°]} ©)

drne, mc Av, \ 7 Av

a

where AV, is the Doppler width of the absorption line in the absorbing medium at
temperature T,, Ny is the density of absorbing atoms, f, is the oscillator strength of the

transition and the other terms have their usual meanings. In the case of copper atom, the
density of atoms Nj is distributed between hyperfine levels of the two isotopes and for

each isotope the oscillator strength f, is also shared between different hyperfine

components of the transition. The detail of these distributions is given in Appendix A.
Considering the complex spectral profiles of both emission line from the light source and
absorption coefficient in the plasma, the direct determination of the absorbing atoms
density from the measured absorption rate is not obvious. To overcome this difficulty, the
absorption rate, A=1-(I/1y) is calculated by numerical integration of Equations (3) and (5)
for different values of the absorbing atoms density, Ny and for various couples of 7, and
T,. In this procedure, equations A3 and A4 with data of Table A1 of Appendix A are used
with an absorption length, /=20 cm. Oscillator strengths, f3,4=0.439 and f3,7=0.220 are
from the data base of NIST*". The reported value for the green line, which is also used in
this work, is f510=0.0052. As an example, the absorption rates of 324.7 and 327.4 nm lines
versus ground state Cu atoms density are shown in figure 7 for different values of the



source temperature 7. In this figure, the absorbing atoms temperature, 7, was fixed to
330 K. With these series of curve in hand, once the values of T, and 7, have been
deduced by complementary experiments, an experimentally measured absorption rate can
directly be converted to the density of absorbing atoms. We would like to emphasize that
neglecting the isotopic-shift and hyperfine structures of the 324.7 nm line, as was done in

Ref 28, would underestimate the density of copper atoms by about a factor of two°.

5- Lamp temperature

Determination of the absorbing atoms density from the resonance absorption
measurements requires the knowledge of the emission line profile of the lamp source. But
the determination of this profile needs the use of a very high resolution spectrometric
system (Fourier transform or Fabry-Perot interferometers with A/04>10), which in our
cases was not available. The procedure we have followed to get rid of this problem was
first to ascertain that the Doppler profile of individual lines of the light source is not
distorted by autoabsorption within the hollow cathode lamp. In fact, the HCL is a hollow
cylindrical copper rod, about 3 mm inner diameter and 20 mm long, in which the
discharge running inside the hollow part sputters copper atoms from the cathode, which
thus are excited by the discharge and emit the light containing copper transitions. As the
light is observed along the tube axis, resonance photons emitted from the deepest part of
the cylindrical hole can be absorbed by ground state copper atoms of the outer part of the
hole. The highest probability of absorption is in fact for photons in the central part of the
Doppler profile of the line. So, the spectral profile of the light coming out from the HCL
can no more have a Gaussian shape and can present a deficiency in its central part. This
can even lead to the self-reversal with a deep in the line center. As a result, the emission
profile of a single line from the HCL will become much broader than that of a Gaussian
shaped profile at the HCL temperature, with much less intensity in its central part. Higher
the discharge current of the HCL, larger the density of copper atoms is and consequently
stronger the distortion of the resonance line profile will be. When the gas temperature of
the magnetron plasma is lower or comparable to the temperature in the HCL, as is the
case in our experiments, photons of the source lamp from the edges of the frequency
profile are no more, or very weakly absorbed by the copper atoms of the magnetron
plasma. As a result, the intensity of the transmitted light, which is not spectrally resolved,
because the spectral band-pass of the monochromator is much larger than the linewidth,
will become larger than if the HCL emission line was not distorted. This phenomenon is
evidenced in figure 8 which shows the variation of the normalized transmitted intensity
of the 327.4 nm line versus the HCL discharge current during its on-time period. The
magnetron discharge conditions were kept fixed to p= 3.0 ubar and 210 W dc power. As
expected, the ratio I/l decreases with the diminution of the copper atoms density in the
hollow cathode lamp, this density being directly correlated to the discharge current of the
HCL. Below i=5 mA, the transmitted intensity levels off, indicating that the spectral
profile of the 327.4 nm line emitted by the HCL is no more dependent on the density of
Cu atoms in the light emitting region of this lamp. We should point out that at i=12 mA,
increasing the discharge power of the magnetron, hence of the Cu atoms density in the
magnetron plasma, had very little influence on the transmitted intensity. Meaning that the
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intensity of the transmitted beam was essentially due to its spectral edges, at frequencies
out of the absorption line profile, and hence a further enhancement of Cu density had no
effect on it. To illustrate the influence of the HCL current on the measured density of Cu
(*S152) atoms in the magnetron plasma, is shown in figure 9 the power dependence of
copper density measured at i=5 and 12 mA, with argon pressure of 14 ubar in the
magnetron chamber. The continuous increase of the difference between two series of
measurements is clearly seen in this figure. At 200 W, the estimated density with 12 mA
is more than a factor of 2 smaller than the density measured at 5 mA, whereas the
difference is insignificant at 10 W. In the opposite, the difference in the measured
densities of Cu* (2D5/2) metastable atoms at 5 and 12 mA (not shown) were within the
measurements uncertainty for all different magnetron plasma powers. In fact, as can be
seen from the comparison of figures 3 and 4, the absorption rates are much smaller for
the 510 nm line used for Cu* (2D5/2) atoms than for the 327.4 nm line used for Cu (281/2)
atoms, the oscillator strength of the former line being about 40 times smaller than that of
the 327 nm line. All data presented in the following have been obtained with 5 mA
discharge current in the hollow cathode lamp.

To estimate the temperature of the Doppler profiles of the emission lines from the
hollow cathode lamp, we have used an original method which consists of the comparison
of the absorption rates of 324.7 and 327.4 nm lines, for which the ground state Cu (281/2)
is the common lower level. The oscillator strength of 324.7 nm line being about twice
that of the 327.4 nm line35, the former line is much more absorbed than the 2" one. For
this purpose, we first used the procedure described in section 4 and in Appendix A to
calculate for different Cu (281/2) densities ranging from 1 x 10°to 1x 10" cm'3, the
absorption rates of 324.7 and 327.4 nm lines for various values of the HCL temperature,
T.,. In figure 10, are plotted for T.= 350, 400, 500 and 600 K the curves of the difference
in the so calculated absorption rates of 324.7 and 327.4 nm lines versus the absorption
rate of the 327.4 nm line. The temperature of absorbing atoms in the magnetron plasma,
T, was set to 330 K, the average value of the experimentally measured gas temperature,
presented in Fig. 6. It was checked that a 10% change in 7, value will not introduce a
significant modification of these theoretical plots. All of these bell-shaped curves
coincide at the origin and when both absorption rates reach the unity. But they show large
differences for absorption rates of the 327.4 nm line ranging between 0.3 and 0.9. In Fig.
10, are also inserted experimentally measured data points for argon pressures in the
magnetron chamber of 0.6, 3 and 14 ubar and at different applied discharge powers. They
correspond to Cu (281/2) atoms densities ranging between 1 and 20 x 10" cm™ , Where the
sensitivity of the employed procedure is high. These experimental points are all set within
theoretical curves calculated for 7, values of 400 and 500 K. Consequently, all reported
copper densities in the following are calculated considering a Doppler temperature of 450
K for the emission from the hollow cathode lamp. This 7, is slightly lower than what was
considered in our previous works in nickel?® and in titanium™. But in those works, the
discharge current in the HCL was also higher and probably the Doppler profiles of the
emission lines slightly distorted. Konstantinidis et al have reported a hollow cathode
lamp temperature of about 2400 K in pulsed titanium lamp>' **°**. But with 600 mA peak
discharge current used in that work, the self-absorption in the HCL was certainly quite
important and the emission lines from the lamp were probably not Gaussian shaped. The



same remark also applies to the lamp temperature of 800 K reported in reference 28 with
35 mA discharge current in the hollow cathode lamp.

6- Deposition rate

The deposition rate of copper (dr), measured with the quartz microbalance, is reported in
figure 11 for different argon pressure and magnetron discharge power. The uncertainty on
reported values is about 0.6 nm by minute. At constant pressure, the dr increases almost
linearly with the dissipated discharge power. This behavior can be explained by the
smallness of the change in the gas temperature with the power, which results in an almost
power independent argon density in the magnetron chamber. As the neutral density
controls both the energy of argon ions impinging on the target and the transport
properties of the sputtered copper atoms to the substrate, the linear dependence of the
deposition rate on the discharge power would indicate that in our apparatus the sputtering
rate of the copper from the cathode is proportional to the discharge power. At fixed
applied power, the deposition rate increases with decreasing argon pressure down to 1.5
ubar and hence remains almost unchanged between 1.5 and 0.3 ubar. It is obvious that
increasing the pressure results in the diminution of the mean free path of Cu atoms in
argon, thus favoring their diffusion to the chamber sidewalls and reducing the flux of Cu
atoms to the substrate. But an enhancement of the plasma density with increasing
pressure has been observed experimentally'>'?, or predicted theoretically®’, which
consequently should increase the ion flux to the target and thus the sputtering rate of the
copper. Unfortunately, using a Langmuir probe, we have not been able to carry out
reliable electron density measurements in this magnetized plasma to ascertain this fact
but we believe that this hypothesis should be correct. In conclusion, these two
phenomena (increase of sputtering rate and simultaneous enhancement of the loss to the
sidewalls when the pressure rises), which are acting in opposite directions, control the
flux of Cu atoms to the substrate, thus the deposition rate. Below 1.5 pbar, they should
compensate each other, leading to an almost constant deposition rate whatever the argon
pressure is. Above 1.5 pbar, the plasma density should probably increase less than
linearly with the gas pressure and hence the diffusion loss to the chamber walls will
control the Cu flux to the substrate, resulting in the diminution of the deposition rate with
increasing pressure.

7- Copper density

Figure 12 shows the magnetron discharge power dependence of copper atoms density in
the ground state, Cu (251/2) (lower frame) and in the metastable state Cu* (2D5/2) (upper
frame), measured 10 cm above the target, at different argon pressures ranging between
0.3 and 14 ubar. As a general rule, at fixed discharge power the density of Copper atoms
increases with the gas pressure. This should mainly result from both enhancement with
the pressure of the sputtering rate from the target and the diminution with the pressure of
the volume loss of Cu atoms by diffusion to the chamber side walls, as was pointed out in
previous section. But the pressure dependence trends are different for the ground state
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and metastable atoms densities. At all discharge powers between 30 and 200 W, the
variation of Cu density in the ground state is very close to a p'”* law, whereas the density
in the *Ds), metastable state remains nearly constant up to 1.5 pubar and then increases
almost linearly with argon pressure. The change in the gas temperature with plasma
parameters is very limited and one can expect a comparable diffusion coefficients of Cu
(251/2) and Cu* (2D5/2) atoms in argon. Thus the difference in their transport properties
cannot be invoked to justify the observed important difference in the pressure dependence
of the densities. As we have pointed out in previous section, we expect an augmentation
of the plasma density with the gas pressure and we believe that electron impact excitation
of copper can influence the relative densities of the ground state and metastable atoms.
The magnetron power dependence of Cu (281/2) and Cu* (2D5/2) densities reveals the
influence of plasma parameters. As seen in Fig. 12, for argon pressures higher than 0.9
ubar, with increasing power the density of atoms in the metastable Cu* (*Dsp,) state can
even overpass the density of ground state atoms. Higher the pressure lower is the
magnetron power at which the density of Cu* (2D5/2) atoms reaches that of the ground
state atoms: around 200 W at 0.6 ubar, 130 W at 3 ubar, 110 W at 7 ubar and 70 W at 14
ubar. This evolution can be related to the variation of plasma density with either argon
pressure and magnetron power and we finally come to the conclusion that the
augmentation of the metastable to ground state densities ratio is directly connected to the
enhancement of plasma density.

The expected electron density and temperature in this type of magnetron discharge are'™
38. n.= a few times 10" m™ and T.=1.5-4.5¢eV. So, the ground state copper atoms can
easily be excited by electron impact to the Cu* (*Ds,) metastable state, whose energy is
1.39 eV, either directly or after radiative cascades from the intermediate higher lying
electronic states, in particular the resonance state 2P3/2. Gao et al have used the LIF
technique to measure the density of Cu (281/2) and Cu* (2D5/2) atoms in a magnetron
argon plasma”’ 0, They also came to the conclusion that metastable atoms have been
produced in the plasma volume by electron impact excitation of the ground state copper
atoms* . Cu atom has two metastable states: Cu* (*Ds;) and Cu* (*Dsp) and the total
number of copper atoms in the non radiative long-lived states can be deduced by the
addition of atom densities in the ground state and metastable states. Unfortunately, in this
work it was not possible to measure the density of atoms in the other metastable Cu*
(2D3/2) state. This was because the 578.2 nm copper line, which should be used for the
absorption measurements from this state, was spoiled by the presence in the light emitted
from the hollow cathode lamp of the strong 577.03 nm neon line. In fact, neon is the feed
gas of the hollow cathode lamp and at 5 mA HCL current used during this work, copper
lines are several orders of magnitude weaker than most of the neon lines. However, the
energy separation between metastable states is only 0.25 eV ¢ and under our plasma
conditions with 7.,> 1 eV and n,> 1x 10 m'3, one can assume that electron impact
collisions will equilibrate the populations of these two metastable states according to their
respective statistical weights, 2J+1. Measurements in a titanium hollow cathode plasma
have shown that in the discharge period the population distribution in the fine-structure
levels of the ground state a ‘F 7 of Ti, with J=2, 3 and 4, was proportional to their
respective 2J+1 values™ above. But in the afterglow, after the electron temperature fallen
down to the room temperature, the relative populations of the levels tended to the
Boltzmann equilibrium: N;=(2J+1).Exp(-Ey/kT,), where E} is the energy of the fine-
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structure levels of Ti and T, is the gas temperature. If we assume population equilibrium
between metastable states of Copper according to their degeneracy, and neglecting
density of atoms in the high-laying excited states, whose radiative lifetimes are short™,
the total density of copper atoms in the long-lived states, [Cu] will be given by:

[Cu]z [Cu(251,2)1+6L64.[Cu*(ZDS/Z)] (7
In figure 13 are plotted the magnetron power dependence of atoms density in the ground
state S 12, in the metastable state 2D5/2 and in all long-lived states [Cu], deduced
according to Equ. (7), at argon pressures 0.6, 4.5 and 14 ubar. In this figure, are also
shown the deposition rates measured at these pressures. It should be pointed out that plots
of Fig. 13 are representative of the density and deposition rate evolutions at all argon
pressures between 0.3 and 14 ubar, under consideration in this work.
As seen in this figure, at fixed pressure no direct correlation can be found between the
deposition rate and density of atoms in either Cu (281/2) or Cu* (2D5/2) states but the
deposition rates seems to evolve proportionally to the total density of copper atoms [Cu].
Obviously, the constant of proportionality is a function of argon pressure on which
depend the transport properties of copper atoms.

8- Conclusion

In this work, the resonance absorption technique has been used to measure the density of
copper atoms in both ground state 281/2 and metastable state 2D5/2 in the middle of a
magnetron discharge run with argon gas. The argon pressure varied from 0.3 to 14 ubar
and the applied dc discharge power ranged from 10 to 220 W. The complex spectral
structure of the lines, resulting from the isotopic energy shift of the electronic states of Cu
and of their hyperfine splitting, has been taken into account to relate the measured
absorption rates to the atoms density. We have shown that the intensity of the current
running the copper hollow cathode lamp, which is used as a source for the resonance
absorption measurements, has a big influence on the emission spectral profiles of the
copper resonance lines, hence on the absolute densities of ground state copper atoms
deduced from the measured absorption rates. Under some experimental conditions, the
Cu (*S1y) density evaluated with a hollow cathode lamp current of 12 mA was the half of
the exact density measured with 5 mA lamp current. To get rid of this artifact, originated
from the self absorption of the resonance line inside the hollow cathode lamp, it was
necessary to use a lamp current of 5 mA which keeps the density of ground state copper
atoms low enough in the hollow cathode lamp. This finding of the influence of the HCL
current renders questionable metal atom densities reported in some publications with
HCL current of 35 or 20 mAZ 41, or even several hundreds of mA?” 3! 42,

At all Ar pressures considered in this work, for magnetron discharge power below 40 W,
the density of copper atoms in the metastable state 2D5/2 was at the detection limit and
more than an order of magnitude smaller than the density of ground state copper atoms
Cu (°S11). But above this limit, the metastable density increased much more rapidly with
the magnetron discharge power than the density of Cu (*S;/,) atoms, over passing this
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later around 200 W at 0.6 pubar and around 70 W at 14 pbar; the power at which the
population of both states became equal decreasing with increasing gas pressure. This
behavior is attributed to the enhancement of the plasma density with both argon pressure
and magnetron discharge power. So, the ground state Cu atoms are efficiently excite to
the 2D5/2 metastable state, the electron temperature in the range of 1.5 — 4.5 eV!i2 131537
being high enough for an efficient excitation of the “Ds, state, whose threshold is 1.39
eV>®, Moreover, with the 2.2 x 10" cm™ density of Cu (231/2) atoms measured at the
highest pressure and power used in this work (14 ubar and 200 W), the mean free path of
324.7 nm photons is about 5 cm, much smaller than the about 20 cm plasma dimensions.
Consequently, due to the resonance radiation trapping of the 324.7 nm transition inside
the plasma volume, the Holstein’s theory43 predicts a shortening by a factor about 5 of the
effective transition probability of this line and hence Cu atoms excited to the upper level
of this line, Cu*(2P3/2) resonance state, will more favorably cascade down to the
Cu*(*Ds)) metastable state (see Fig. 1). In copper vapor laser, the emission of 510 and
578 nm laser transitions proceeds following the same scheme™. As a result of these
processes, higher the plasma density is larger the amount of atoms excited to the
Cu*(zDs/z) state will be.

The deposition rate of copper atoms in a substrate positioned 18 cm above the Cu target
has also been measured with a quartz microbalance. At different gas pressures and
magnetron discharge powers used in this work, no correlation has been found between
the deposition rate and the density of ground state copper atoms measured in the middle
of the plasma volume. But surprisingly, as shown in Fig. 13, the deposition rate almost
follows the evolution of the total copper atoms in the ground state Cu (*Sip) and
metastable states Cu*(2D5/2, 312). This observation put together with the above discussed
evolution of Cu*(2D5/2) atoms density lead to two important conclusions:

- A large majority of copper atoms sputtered from the target under ion
bombardment are in their ground state 281/2 and metastable copper atoms are
produced in the plasma bulk by the electron impact excitation of ground state
atoms. Gao et al came to the same conclusion in their study of space distribution
of copper metastable atoms, detected by laser induced fluorescence technique, in
a magnetron discharge™. It should be emphasized that the outer shell electrons
configuration of Cu (281/2) is 3d'° 4s, similar to what is for the crystalline solid
state copper, whereas the outer shell electrons configuration of Cu in both
metastable states is 3d° 4s”. One can speculate that during sputtering the
electronic configuration of the metal is conserved.

- All copper atoms in the long-lived states, comprising ground and metastable
states, contributes to the layer deposition on the substrate. The transport properties
in argon of Cu atoms in various electronic states shouldn’t be significantly
different, so, whatever the sputtered metal atom has been excited to a metastable
state or not, the deposition rate on the substrate will always be proportional to the
number of sputtered atoms. Obviously, the constant of proportionality depends on
the neutral gas density, i.e. the gas pressure and temperature. We should
emphasize that in this reasoning we have assumed that the ionization rate of the
metal was low enough to neglect both the contribution of Cu” ions to the
deposition rate on the substrate and the loss of Cu atoms to the chamber walls by
ambipolar diffusion of Cu® ions.
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This above announced propensity rules should certainly also apply to other metal atoms.
As an example, beside its ground state a ’F 7, titanium atom posses seven metastable
states (in reality 19 levels when accounting for the fine-structure levels with different J
values), namely a 5FJ, a IDZ, a SPJ, b 3Fj, a 1G4, a 5Pj, a 3Gj, located from 0.81 to 1.89 eV
above the ground state™. The total statistical weight of these metastable states (X(2J+1))
is 121, compared to 21 for the total statistical weight of the three fine-structure levels of
the ground state. In a high density plasma with an electron temperature of a few eV, in
order that electron impact excitations distribute the population according to the statistical
weight of the long lifetime levels, the number density of Ti atoms in the ground state will
correspond to only 15% of the total titanium atoms in the long-lived states. This fact must
be accounted for when modeling the magnetron discharge or deducing the deposition rate
of the metal from the measured density of ground state metal atoms.

Regarding the propensity for the sputtered atom to be in the ground state, we should
mention that in nickel atoms sputtered under 8 keV argon ion bombardments, the
population density of metastable a’Dy states were comparable to that of the ground a’F,
state®™. But the bulk electronic configuration of Ni (3d°4s’; a’F) ground state is an open
shell with mostly d-like rather than s- or p-like character. As a consequence, the overlap
and the cross section for electron exchange between d states are considerably larger than
for the s-like ground state of Ni*’. It is also possible that high energy Ar" ions impact
induces much more violent collision cascades in the bulk, causing the excitation of the
sputtered atom. Different possibilities for excitation of metastable states of metal under
high energy ions impact have been extensively discussed by Nicolussi ez al*®. In
magnetron discharges the energy of impinging ions is only a few hundreds of eV. In the
bulk copper as well as in the ground state of atom, the 3d'’ is a closed shell and the wave
function of the atom, mostly influenced by the 4s electron, has essentially an s-like
character.
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Appendix A

In copper, due to the coupling of the nuclear spin, I=3/2 in both 63 and 65 isotopes, with
the electronic angular momentum J of the considered electronic states~, the ground state
28,/ splits in two hyperfine sublevels, identified by their total angular momentums F=1
and 2. The density of Cu atoms of the isotope k in the sublevel F” of the ground state is

g "
Nep =P
ZF” 8

Where g, =2.F +1 is the statistical weight of the F sublevels and p= 0.69 and 0.31
account for the isotopic composition. Similarly, the upper states of the resonance lines,
’p 12 and 2P3/2 for the 327.4 and 324.7 nm lines respectively, split in two and four
sublevels, respectively, with F=1 and 2 for the former case and F=3, 2, 1 and O for the
2P3/2 state. The other state of interest in this work, the 2D5/2 metastable state -the lower
level of the 510.6 nm line- also splits in four F=4, 3, 2 and 1 sublevels. In each transition,
the oscillator strength f,, of the line is shared between different components”’:

N, (A1)

F'F ZF 8r (A2)

8r ZF‘F“ SF'F"

where Sy p» are the relative line strengths and are related to 6j coefficients*®. Inserting A1
and A2 into equation (5), we deduce the general absorption coefficient for a multi-
component Doppler broadened transition:

Frr =1y

2 [In2 m? 1 v—v._..Y\
k(v) = N X S . Exp| —4(In2 FF
) AVa,/ LD 7% NS 2P 250 xp! (In )( av. ”

(A3)

In summation over F' (of the upper level) and F" (of the lower level), only couples with
AF=0 and %1 have to be considered, excluding 0-0 transition. Similarly, for the emission
intensity of the light source, assuming statistical equilibrium between sublevels of the
upper state, the spectral distribution of the line intensity is the sum of several Gaussian
distributions, according to the relation:

2
2 |In2 1 V=V _ .
I,v)=1 X S . Exp| —4(In2) - j
' "A Ve V. T Zk (P FF SF'F” ) ; 8 FZF: v { ( Av.
(A4)

Table Al summarizes the relative frequency shifts and emission (or absorption)
intensities of different components of the 327.4, 324.7 and 510.6 nm lines. For each of
these lines, the intensity of the strongest component is normalized to 100. Isotope shift of
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63Cu, relative to *Cu and the magnetic dipole (A) and electric quadrupole (B)
momentums of the states, used to deduce relative shifts of the line components, are given
in Table A2. Figures A1l to A3 show the spectral profiles of these lines at three
temperatures. They correspond to the emission line profiles from the hollow cathode
lamp, when the self-absorption effect can be neglected. In figure A4 is shown the spectral
profile of the 327.4 nm line in the HCL light intensity transmitted from the magnetron
plasma for the Cu(*Syy) atoms density in the magnetron plasma ranging from 1 x 10" to
2 x 10" cm™. As evidenced from this figure, at high Cu density, photons at the center of
all line components are almost fully absorbed and the transmitted intensity solely comes
from the edge of the absorption line profiles.
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63 Cu 65 Cu
F” F Av (MHz) i Av (MHz) i

1 0 3034 16.7 5529 75

1 1 3258 15 5765 6.7

1 2 3677 1.7 6210 0.8

2 1 1909 35 4297 15.7

2 2 2328 19.4 4742 8.7

2 3 2885 1.1 5343 0.5 | 510.6nm
3 2 164 62.2 2409 28

3 3 721 15.6 3011 7

4 3 2423 100 343 45

1 1 6700 20 6636 9

1 2 7713 100 7723 45

2 1 -5033 100 -5932 45 | 327.4nm
2 2 -4020 100 -4845 45

1 0 6565 14.3 6468 6.4

1 1 6789 35.7 6703 16

1 2 7208 35.7 7148 16

2 1 ~4945 71 25865 3 | 2247nm
2 2 -4525 35.7 5421 16

2 3 3969 100 -4820 44.9

Table Al- Frequency shift and relative intensity of different components of 510.6, 327.4
and 324.7 nm lines in both emission and absorption. For each line, the intensity of the
strongest component is normalized to 100. See text for detail.

Isotope shift
Isotope Level A B relative to “Cu
( MHz) ( MHz) ( MHz )
2 -
S,/ 5866.9 (a)
2 9(b -
P, 506.9 (b)
SCu p 195.2 (c) 28.8 (¢)
3/2
2
D, 749.1 (b) 186.0 (b)
2g 6284.4 (a) - 540 (d)
1/2
2 43.3 (b -
P, 543.3 (b) 0(e)
SCy p 209.1 (c) 26.6 (c) 30 (e)
3/2
2D 803.6 (b) 174.3 (b) -2280 (e)
5/2

Table A2- Spectroscopic constants A (electric dipole), B (magnetic quadrupole) and
isotope shift of different states of Cu considered in this work.

(a) Ting, ref. 49

(b) Fischer et al., ref. 50

(c) Ney, ref. 51

(d) I Shift2S

(e) Ritschl, ref. 52, Wagner, ref. 53
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Fig.1 - Cu energy levels of interest in this work.
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Fig.2 - Experimental Setup: 1 chamber, 2 Substrate, 3: Quartz balance, 4: HC Lamp, 5
Lens, 6: Quartz window, 7: Target, 8: Gas inlet, 9: Limiting tubes, 10: Monochromator,
11: PMT, 12: Computer, 13: Pulse generator, 14: Power supplier of the lamp, 15:

Pumping orifice, 16: ballast resistor of HCL.

18



40 /\/\/\M/\/ 510.6 nm
60 - 30 ‘\
I _/ \_/\_ \/ \_/\_/ \_/ )

10

T T T ) T i T J T T T
0 1000 2000 3000 4000 5000 6000

Sample number

Fig.3 - Intensity of 510.6 nm line sampled every 50 ms when increasing the magnetron
plasma power step by step (from left to right). The most left and the most right records
are with the magnetron discharge off. One out of two samples is with the HC lamp on
(upper trace) and the next is with the HC lamp off (lower trace). Data without HCL
correspond to the magnetron plasma emission intensity. The inset shows an enlarged part
around sample 2905, of the transition position from 70 to 80 W. Argon pressure is 14
ubar
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Fig.4 - Same as in Fig. 2 excepted for the 327.4 nm line. p=0.3 pubar
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Fig.5 - (0): experimental N( C317u— B317g) 0-0 band emission spectra with 10% N, added
to Ar feed gas, at p=0.6 ubar and 200 W discharge power. Two-temperature simulated
spectra (red solid line), with Ty = gas temperature = 320 K (see text for detail).
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Fig.6 — Magnetron discharge power dependence of the gas temperature at 0.6, 4.5 and 14
ubar argon pressure.
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Fig.7 — The Cu density dependence of the ratio of the transmitted to the incident intensity
of 324.7 and 327.4 nm lines for the HC lamp temperatures of 400, 600 and 800 K. The
gas temperature in the magnetron discharge was kept at 330 K.
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Fig.8 — Hollow cathode lamp current dependence of the ratio of the transmitted to the
incident light intensities at p= 3.0 pbar and 210 W magnetron discharge power. Red
circles and black squares refer to two different data sets.
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Fig.9 — Magnetron power dependence of the estimated Cu density at 14 pubar for HC
lamp discharge current of 5 and 12 mA.
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Fig.10 — Difference in absorption rates of 324.7 and 327.4 nm lines versus the absorption
rate of the 327.4 nm line. Theoretical curves are for 350, 400, 500 and 600 K (down from
the top, respectively). Experimental data are for different magnetron discharge powers at

0.6, 3 and 14 pbar.
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Fig.11 — Magnetron power dependence of Cu deposition rate on the substrate at argon
pressures between 0.3 and 14 ubar.
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magnetron plasma at Cu(zsl/z) atoms density from 1 to 20 X 10" cm™ (from top to
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