N

N

Plasma emission correction in reflectivity spectroscopy
during sputtering deposition
Iryna Gozhyk, Letian Dai, Quentin Hérault, Rémi Lazzari, Sergey Grachev

» To cite this version:

Iryna Gozhyk, Letian Dai, Quentin Hérault, Rémi Lazzari, Sergey Grachev. Plasma emission correc-
tion in reflectivity spectroscopy during sputtering deposition. Journal of Physics D: Applied Physics,
2019, 52 (9), pp.095202. 10.1088/1361-6463/aaf494 . hal-01981672

HAL Id: hal-01981672
https://hal.sorbonne-universite.fr /hal-01981672
Submitted on 15 Jan 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-01981672
https://hal.archives-ouvertes.fr

Plasma emission correction in reflectivity
spectroscopy during sputtering deposition

Iryna Gozhyk!, Letian Dai', Quentin Hérault', Rémi
Lazzari?, Sergey Grachev'

ISurface du Verre et Interfaces, UMR 125 CNRS /Saint-Gobain Recherche, 39
quai Lucien Lefranc, 93303 Aubervilliers, France

2CNRS UMR 7588, Sorbonne Université, Institut des NanoSciences de Paris, 4
place Jussieu, 75005 Paris, France

E-mail: iryna.gozhyk@saint-gobain.com

Abstract. Surface differential reflectivity spectroscopy is a fast non-destructive
in situ and real-time measurement technique which allows following the first stages
of thin film deposition. However, when applied to sputtering technique, spectra
can strongly be distorted by residual light coming from plasma in a way, as shown
herein, that depends on sample reflectivity. Thanks to suitable measurements,
before and after growth with and without plasma or illumination lights, a protocol
of signal correction is proposed to get rid of the spurious plasma contribution. The
interest of the method is illustrated in the case of silver deposition on a silicon
substrate.
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1. Introduction

Sputtering deposition is the technique of choice of
the coating industry due to its versatility and its
scalable character. It requires the generation of a
plasma, in general of a noble gas (but not only
as in the case of reactive sputtering), to sputter-
off material to be deposited from a target. This
technique differs from evaporation by the presence
of energetic species with a wide angular spread, the
ion bombardment of the substrate and a quite fast
growth rate (up to several tens of nm.s7!). Vast
range of inorganic materials (including metals and
dielectrics) can be deposited by magnetron sputtering
on any kind of substrates, crystalline or amorphous
such as glass panes. Various deposition parameters
allow for an accurate control of the thickness and
the microstructure of the growing polycristalline films:
gas type and pressure, power applied to the target,
presence of an external magnetic field in the case of
magnetron sputtering, nature of the substrate, bias
applied to the sample, sample-target distance, pulsing
of the power, etc. But the harsh environment due to
the plasma and the fast growth rate limits significantly
the number of in situ and real-time monitoring tools
applicable to sputtering. Among them, measurements
of resistivity (to determine the percolation threshold
in conductive films [1]) or stress [2, 3] are compatible
with sputtering deposition technique. Although ex
situ film characterizations are always possible, they
can only provide a limited amount of data points and
may be hampered by the reactivity of the layers in
the presence of atmosphere. They can also miss post-
growth relaxation effects [2, 3].

In fact, optics [4] offers an elegant way to tackle
this question of monitoring, in particular during the
earliest stages of growth before percolation. This is
especially relevant since, to some extend, the final grain
microstructure of the film and therefore its electrical,
mechanical or optical properties are driven by the
initial nucleation and growth of isolated islands in the
case of Volmer-Weber growth. Moreover, some of the
in situ measurement techniques such as resistivity are
not sensitive to the beginning of growth. Spectroscopic
ellipsometry [5, 6, 7, 8,9, 10, 11, 12], surface differential
reflectivity spectroscopy (SDRS) in the UV-visible [13,
14, 15, 16, 17, 2] or infrared ranges [18] or laser
interferometry [19] have already been successfully
employed during the course of sputtering deposition.
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The principle of SDRS, as used herein, is to monitor
in situ and in real-time changes in the reflectivity
of a sample during modifications of its surface.
Typical examples of the applications of this optical
spectroscopy are gas adsorption and layer growth,
the latter being the topic of the present work. The
sensitivity of the technique lies in the dielectric contrast
between the deposited material and the substrate,
in particular when performed close to the Brewster’s
angle in p-polarization. To first order, the SDRS
signal is directly proportional to the imaginary part
of the dielectric function of the growing film [20] or
more precisely to a combination of the polarizabilities
and the morphology of growing entities [21, 22,
23]. At the origin, SDRS was devised to measure
the difference of reflectivity between two parts of
a sample via an oscillating sample/beam [24, 25].
Then SDRS technique was extended to modulation
spectroscopy [26] (for example, thermo, piezo or
electro-modulations), where the applied external field
was used to probe the electronic properties of semi-
conductors or metallic alloys. Sufficiently stable optical
benches and excitation sources led to the application
of SDRS to the study of gas adsorption or layer growth
in vacuum chambers [27]. Finally, the advent of
low-cost multichannel spectrometers allowed for drift
correction from source [28] and polarization dependent
measurements [28, 29]. For a long time, the SDRS
studies of thin film growth were mainly restricted to
vapor deposition. But the fast detector readout paved
the way for online monitoring of fast processes such as
sputtering [17] at a time scale of the millisecond.
SDRS offers the possibility to monitor the excitonic
absorptions [30, 31] of molecular assemblies on
surfaces or plasmonic resonances of supported metallic
nanoparticles [32, 33, 34, 35]. Associated with suitable
dielectric modeling [22, 36, 37, 38, 23], it was shown
to be an invaluable tool to discuss quantitatively the
processes of nucleation, growth and coalescence of
metallic nanoparticles [32, 33, 34, 17, 39, 35] through
the extreme sensitivity of the plasmonic absorptions to
morphology.

In vapor deposition, the light coming from the crucible
heater can be effectively shielded. But in the case of
sputtering deposition, plasma emission is unavoidable
and can strongly perturb or even distort the optical
measurements. Up to now two solutions were used
to overcome this issue: a spatial filter with a pinhole
to look only at reflected light [17] or a high power
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probe source (such as Xe lamp [13, 15, 16, 2]). These
solutions come at the expense of either overall intensity
or stability in the UV range. Based on the hypothesis
of a stable plasma, the goal of this work is to devise
a robust strategy of measurements and correction of
the SDRS signal from plasma emission. The interest
of the method is tested on the island growth of silver
on a silicon substrate.

2. Experimental

Experiments have been performed in a magnetron
sputtering set-up encompassing three connected ves-
sels: a load-lock, a photoemission chamber and a depo-
sition chamber (base vacuum of 10~7 mbar) equipped
with three cylindral magnetron targets (size 2 inches).
Silver has been deposited in direct current mode at var-
ious powers (50-200 W) from a 99.999 % pure target in
Ar gas (purity 99.999 %) at a pressure of 1.7 10~2 mbar
and at a sample-target distance of 150 mm. Pre-
sputtering of the target was systematically performed
to clean it. Deposition was controlled by a fast shutter
in front of the target. While the back side of the Si(100)
substrate (size 2 inches, thickness ~ 0.3 mm, resistivity
1—-20 Q.cm) was tarnished to avoid multiple reflections,
the polished front side was covered by its native SiOq
oxide the thickness of which was estimated to 2 nm by
ellipsometry (on a J.A Woolam ESM-300 apparatus).
Substrates were used as received just after dust blow-
ing with dry nitrogen. Silver deposition rate was cal-
ibrated from the thickness of the silver film measured
by tapping atomic force microscopy (Bruker Icon AFM
Scanner) on a trench obtained by dissolving a felt-tip
pen stroke in acetone. Accounting for slight spatial in-
homogeneities of thickness, it amounted to 0.48 +0.01,
0.84 £ 0.01, 1.27 + 0.02 and 1.64 & 0.02 nm.s~! for
powers of 50, 100, 150 and 200 W, respectively. On a
test case of deposition at 50 W during 30 s, electron
probe micro-analysis, ellipsometry and AFM gave the
expected value of 14.5 nm within 1 nm.

The used SDRS set-up which is sketched in figure 1
is identical to that described in depth in reference [28].
Briefly, the light emitted by a deuterium-halogen lamp
is focused on the sample through a set of lenses
and a UV-transparent silica viewport mounted on the
sputtering chamber. About one inch of the substrate
is illuminated and all this area is imaged onto the
detection arm. In the chamber, the deposition flux
is highly directional towards the substrate leading to
an extremely small spurious deposition on the optical
viewports. A part of the lamp signal derived in a Y-
shape optical fiber is used to correct for source drift.
The incident angle is fixed at 45° through chamber
flanges. The reflected light is condensed and split by
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a barium-borate Wollaston polarizer into two beams
corresponding to the two polarization states s and p,
which are then completely collected by focusing lenses
into separate optical fibers. Each signal is analyzed
by a multichannel wide band grating spectrometer
equipped with Si charge coupled device detectors
(from Avantes). Depending on settings, the useful
spectral range extends from 1.5 to 4.5 €V i.e 275 nm
to 830 nm. Due to the fast deposition speed, the
sampling rate is set at 20 Hz, each spectrum being the
average of 25 acquisitions to improve signal /noise ratio.
Therefore, in the present experiments, the thickness
resolution ranged from 0.023 nm per spectrum at
0.48 nm.s~! deposition rate to 0.083 nm per spectrum
at 1.64 nm.s~! deposition rate. In contrast to our
previous work [17], which used a space filter to collect
only the light coming from the specular reflection from
the sample, the present SDRS set-up is quite sensitive
to spurious light coming from the sputtering plasma.

P~10~7 mbar

— Sample

Wollaston
prism

x '-pol

Fused silica windows
Fused silica lens

p
x
Optical Optical
lenses  Metal sputtering targets fib\er \
with shutter
¥ Optical X«
fiber
[ ] (] ﬂ‘
/ / / Entrance T N T
“ “ “ slits (100um) -
: n : Deuterium-halogen
lamp 200-100nm
Grating with shutter
200-1100nm

Figure 1. Schematic drawing of the set-up of surface differential
reflectivity spectroscopy coupled to the sputtering deposition
chamber. Most of the beam paths are guided into solarized
optical fibres (blue lines).

3. Sources of drift of differential reflectivity
signal

In SDRS, the quantity of interest is the relative
variation of the sample reflectivity R as function of
time or average film thickness ¢ (assuming constant
deposition rate and unitary sticking coefficient):

(1)

where Ry = R(tref) is the reflectivity of the native
substrate before deposition the time of which is
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referred to as t,.r. In the above equation and
hereafter, the dependence of all quantities on the
wavelength A (or the photon energy E = hc/A with
h the Planck constant and c¢ the speed of light) is
implicit. To avoid the cumbersome determination of
the absolute reflectivity, the actual measured quantity
is the variation of the intensity I(t) of the probe light
reflected by the sample during deposition (hereafter
referred to as time range [tstart;tstop]). In fact, I(t)
includes two terms:

I(t) = R(t)lbench (t) + Laark (t) (2)

Tpenen(t) encompasses not only the spectral distribu-
tion of the probe light, but also the spectral imprint
of all the elements of the optical bench (lenses, po-
larizers, windows of the sputtering chamber, etc...)
including the spectrometer and its detector. Igqrk(t)
is the so-called dark signal that is not related to the
illumination by the probe light. Fortunately, for a op-
tical set-up stable enough over time, the response of
the optical bench can be assumed to be constant i.e.
Tpench(t) >~ Ipench. If the dark signal Iy, (t) is also
poorly time-dependent (i.e. Ijqrk(t) == Lgark), the dif-
ferential reflectivity is simply given by the relative vari-
ation of the dark-corrected signal I.(¢t) = I(t) — Ljark:

AR, 1)~ I(tey) AL
?( ) a I(tref) - Idark N Tc(t) (3)

The normalization is done on the so-called reference
signal Ic(tref) = I(tref) — ldark evaluated just before
the start of film growth at ¢ = ¢,.;. Still, in principle
the signal drift over time is possible both through the
response of the optical bench Iyenen(t) and through
that of the dark signal I.-x(t) (see equation 2).
Their corrections or compensations require complex
dedicated experimental set-ups. Double beam
experiments have already been developed to correct for
the bench drift. One part of the sample was hidden
from deposition but still illuminated by the external
source [40]. In such case, under the assumption of a
stable dark, the signal measured on each of the two
paths reads:

Icl (t) = R(t)lblench(t)
102 (t) = R(tT‘ef)Iernch (t)’ (4)
where I, (t) is the reference signal from the area free

of deposition. Under the hypothesis of similar drifts
over the two beams:
Aj(t) L) Tyepen(tres) 1
R Iblench(t) Icl (t’fef)
12(t) Tjepen(trer)
 Li(tres) Tgepen(t)
Icl (t) Ic2 (tref)

S Tey) (1) )

-1
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Although the double beam experiments can be used to
cancel also the temporal fluctuations of the signal, it is
difficult to enforce on an experimental point of view as
it requires (i) a beam splitter and a sample mask that
may impact the deposition itself and (ii) similar beam
drifts along the two paths. In the same spirit, if the
thermal drift from the probe light source becomes the
main source of bench drift, it can be corrected by sim-
ply monitoring the intensity of the probe light source
over time as done in reference [28]. However, even for a
stable optical bench over the deposition duration, drift
from dark signal can be also an issue as in the case
of sputtering. In the case of evaporation, the drift of
the dark signal is nearly absent upon the opening of
the cell shutter due to the generally good shielding of
residual light coming from the heated crucible. But in
the case of sputtering deposition, spurious light coming
from the optical emission of the plasma contributing
t0 Igark(t) can have dramatic effect. Several strategies
can be developed to overcome this issue. The first one
is to use a very intense source of light [13, 15, 16, 2] or
a space filter [17] to look only at the reflected specular
beam so that I,k (t) < R(¢)Ipench(t). Another possi-
bility, which has not yet been implemented to the best
of our knowledge, is to measure the reflected intensity
and the dark signal in a stroboscopic way with respect
to the probe light and at a time scale smaller than
the drift of the plasma light. The subtraction of the
two signals recorded with and without the probe light
will give I(t) — Igark(t). Experimentally this could be
achieved by a synchronization of the data acquisition
on a fast shutter or a chopper that matches the siz-
able huge deposition rate. Beyond the implementation
of the set-up, the main drawback of such an approach
is the decrease of the final number of available spec-
tra due to the loss of time for plasma recording and for
synchronization; since sampling frequency is limited by
signal/noise ratio, this could be an issue when one is
interested in the first stages of film growth. The herein
proposed strategy is different and is based on data pro-
cessing assuming a stable plasma over the time scale of
the deposit.

4. Protocol of correction from plasma emission
during sputtering deposition

The proposed correction from plasma emission is based
on a specific row of measurements and numerical treat-
ments that are summarized in table 1 and described in
what follows. The timeline of events with periods when
the plasma or the probed light are present is given fig-
ure 2.

In the case of sputtering deposition, manipulating
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Stage of experiment Time Probe light | Plasma | Shutter Type of measurement Data obtained

Before t < tdark ON OFF CLOSED Optical alignment No data
deposition t = taark OFF OFF CLOSED Actual dark signal I(taark)

P Plasma signal with closed shutter

_ to adapt dark signal in accordance
E= tpre—sput OFF ON CLOSED to measurement regime I(tpre—sput)
(during or after deposition) I(tpre—sput)
t=tres ON ON CLOSED SDRS reference signal I(tycy) I(trey)

During : Al I(0) =1 (taari)l = (tres) =T (tpre—sput)
deposition tstart < t < tsiop ON ON OPEN Signal I(t) Bl(r) = L 7@:@])7[1(%@,5,%,’3 put)]
Suspended . Al I(tprobe) =1 (tres)
deposition t = tprove ON ON | CLOSED Signal I(tprobe) T (trobe) = 100, 52T 0o 2

Plasma intensity in a regime
D it t=t, OFF ON OPEN of thick film with nearly I,
eposition constant reflectivity I},
Direct contribution of plasma
o radiation I;()ll obtained q
=t OFF ON OPEN by moving the reflected beam T
from collection direction
Sample differential reflectivity
Analysis equation 11 = «, equation 15 = 3 AR 1 (AL
T =3 {T(t) - ﬁ}

Table 1. he followed flow chart of measurements and treatments for plasma emission correction.

tdark tprefsput tref tstart

tstop tprobe

Probe

Probe l

Plasmar

Plasmar | M ‘

T

Probe ON Shutter OPEN

Dark signal
\
Plasma ON

Shutter CLOSE

T T

Sample tilt

Probe OFF
Shutter OPEN

Acquisition stop
Plasma OFF

Figure 2. Timeline of the steps of plasma correction process. Yellow (violet, respectively) filling corresponds to times when the

probe light (the plasma, respectively) is switched on.

the same experimental quantities as in the evaporation
case will not result in pure differential reflectivity
spectra. The raw experimental intensity I(t) now
contains the temporal contribution of the light emitted
by the plasma I,(¢t) which can be considered as a
peculiar extra-component of dark signal:

I(t) - R(t)lbench (t) + Idark (t) + Ipl (t) (6)

Assuming a stable optical bench (Ipencn(t) == Ipench)
and a stable actual dark signal without plasma
(Tgark(t) =~ I(tgark) = liarr) and since there is no
plasma signal before growth (Ip;(trer) = 0),

Al (t) _ I(t) — I(tref)

Ic B I(tref) - Idark
_ AR I (t)
B R (t) + R(tref)lbench . (7)

In case of vapor deposition, the measured differential
signal corrected from initial dark signal 5% (t) equals
to actual SDRS (equation 3). But in case of sput-
tering deposition, AIIC (t) contains a perturbation that
depends on the detected intensity of plasma light with

respect to the intensity of the probe source and also on

the substrate reflectivity. In particular, plasma emis-
sion peaks even of low intensity can provide sizable
contributions to this calculated ratio in the spectral
range where the bare substrate reflectivity R(¢er) is
low. For example, this is likely to be the case with
an incident angle close to the Brewster angle of the
minimum of reflectivity in p-polarization. In practice,
emission from the plasma can significantly alter the
differential intensity spectrum. This is illustrated in
figure 3 for a deposit of silver on a silicon wafer in the
regime of discontinuous island growth. The distortion
is especially relevant in the spectral region where the
plasmonic response of the islands [32, 33, 23, 34, 28, 17|
is observed. The dip at around 3.8 eV in SDRS curve
originates from the excitation of the normal dipole in
the silver nanoparticles. In the presence of plasma,
it is strongly impacted by two plasma peaks at 3.664
and 3.782 eV. As shown by equation 7, the problem is
minimized when Ip;(t) < R(tres)Ipencn, that is to say
when a powerful probe lamp or a space filter are used.
A naive strategy to remove I,,;(t) would be to perform
two deposits, with and without the probe light, and to

subtract the two % signals; but beyond the require-
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Figure 3. Differential signal AII° (t) corrected from the initial

dark after sputtering deposition of a 1 nm thick silver film on
a silicon wafer. Measurements are made in p-polarization at an
incident angle of 45° for two deposition powers: 50 and 200 W.

ment of performing two experiments, this procedure
is very sensitive to reproducibility due to sample mis-
alignment and growth conditions.

In order to define a single-deposition protocol
and to get rid of the plasma contribution without
loosing sensitivity, the light emitted by the plasma has
been directly monitored over time showing its stability
over the usual time scale of a deposit. In a second
step, the spurious plasma signal I,,;(¢) collected by the
optical bench in SDRS measurement conditions has
been followed during deposition by switching off the
probe light. Naturally, the absolute detected plasma
spectrum (figure 4-a) depends on the geometry of the
optical set-up but also on the deposition parameters,
as for instance power (see figure 4-b), gas pressure or
target-sample distance.

However, a systematic variation of intensity of some
intrinsic peaks of emission from excited species has
been observed during deposition. According to the
literature [41, 42], the sharp and intense emission lines
at 3.782 eV (328 nm), 3.664 eV (338 nm), 2.382 eV
(521 nm), 2.275 €V (545 nm) are due to singly ionized
Ag T and that at 2.956 eV (419 nm), 1.652 eV (750 nm)
and 1.551 eV (800 nm) are typical of Ar I. The intensity
of some of those plasma-related features have been
followed all along the growth process up to an average
silver thickness of 100 nm. The observed temporal
variation is complex and strongly energy dependent
(figure 5-a). But, in most of the thickness range, it
turns out that this latter is an affine function of the
reflectivity R (E) [43] expected for a continuous silver
film on silicon at the emission peak energy (figure 5-
c¢). This latter was calculated in p-polarization at 45°
including the 2 nm thick native oxide on silicon using

6
1000
— 0Onm Ag Ag plasma @
100nm Ag g [‘)
800} L 1
1
. 600 : 2l
el i i H
3 Ar plasma Ar plasma | |
2 40, A B iiC D:
c i H H
5 i :
=
2001
(0 ey AR G\ . B
1.5 2.0 2.0 3.0 3.0 4.0 4.5
Photon energy (eV)
400
(b)
ol [0 1.652 eV
009 2907 eV D
,73()”' g 2.956 eV
g 250 *kx 3.664 eV
g 3.782 eV
8200
= A
@ 150
o
= 100} c
B
50 1
0

0 50 100 150 200 250
Generator power (W)

Figure 4. a) Raw spectra of plasma emission collected with the
differential reflectivity set-up in absence of lamp illumination
before and after deposition of a 100 nm thick layer on a silicon
substrate (power 200 W). b) Evolution of the integrated intensity
of the indicated plasma peaks (A-E) as a function of generator
power.

tabulated Ag, Si and SiOy indexes of refraction [44].
Below the percolation threshold (around 10-20 nm),
the continuous morphology is questionable. But at
higher thicknesses, the theoretical R;(E) gives a
fair estimate of the actual sample reflectivity. This
experiment demonstrates clearly that the plasma
contribution I;(t) to the detected signal is the sum
of two components. One reaches the detector directly
(Igl) and stays constant over time while the other is
reflected by the sample (I];R(t)):

1L () = IS + I R(1). (8)
Although the plasma emission is isotropic, the
contribution of mainly the reflection coefficient R(#)
at the chamber incident angle is due (i) to the general
overwhelming specular reflection over diffuse one on
the growing layer and (ii) to the geometry of the light
collection at the output of the optical bench. Due
to the affine dependence of collected plasma light on
sample reflectivity (equation 8), equation 7 can be
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of the theoretical reflectivity R ¢ (E) of a continuous silver film of
similar thickness on silicon. In figure c, the dependence is nearly
linear for all energies. Notice in figure-b the temporal stability
of the plasma light emission in the regime of thick films.

7
recasted into:
S U e
T +
= a4+ 5. )

Here t = tf,,,, tags the time just after the beginning
of growth when the plasma starts contributing to the
dark signal (see figure 2). The two spectral factors
(o, B) of equation 9 are constant with time and can be
estimated through suitable measurements performed
at the end of deposit. If the shutter in front of the
cathode is closed but the sample remains illuminated
by the probe lamp, equation 9 shows that:
Al A A
2 (o) = T (th) = S
where the time ¢4, corresponds to the final thickness
and =+ indicates the moment before (—) and after (+)
the end of deposit (see figure 2). If the film reflectivity
does not evolve after growth, the measurement at
tjtop is equivalent to measurement at tp,ope, When the
reflected probe light is measured alone after deposition
(see figure 2). Therefore if § is known, equation 10
gives:

o %(t;op) - B ~ %(tgfop) - ﬁ

ATR (ts_top) AT? (tprobe)

In principle, § can be directly obtained as the difference
of the signal before (t = t,.;) and after (t = tJ,,,,)
opening the shutter at the onset of film growth where
the variation of sample reflectivity is negligible (see
figure 2):

Ipl (t:_tart) ~ I(t;_tart) - I(tref) ) (12)
R(tref)-[bench I(tref) - Idark
However, it is difficult to define the time t = t],

start*
Measuring the initial plasma signal with a good
statistics and grasping the first moments of deposition
with a good sensitivity are antithetical. Therefore,
based on the hypothesis of a stable plasma emission
(see figure 5-b), it is better to use measurements
performed at the end of deposit. The direct plasma
contribution [ gl can easily be determined by orienting
the sample in such a way to get rid of the specular
reflection in the detection direction (by a rotation
and/or a translation for instance) and by switching
on the sputtering plasma or reopening the deposition
shutter (see figure 2, t = tgl). Moreover, since the
relative variation of the plasma signal I, (t) follows also
the evolution of the sample reflectivity (see equation 8)
i.e.:

Ipl(t) - Ipl(ts-'_tart) _ Aj
Ipl (t;fart) - Igl R

t;top)’

(10)

(11)

8=

(), (13)
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one obtains at time ¢t = ¢
deposition:

stop Just before the end of

Ipl(ts_top) - Igl

1+ S (trop)

By taking advantage of the nearly constant reflectivity
of the layer in the regime of large thicknesses, the
plasma contribution I (t5,,) is nearly identical to
that obtained after the end of the growth I;l at time
t= t;l by switching off the probe light and restarting
deposition. Actually, the closer t;l to tstop the better
the approximation. Finally, introducing equation 14 in
equation 12, 8 can be expressed through measurable
quantities:

Ipl(tjtart) = Igl + (14)

6 — Ipl(t;rtart) — Ipl(tjtart) _
R(tref)lbench Ic(tref)
d t d
— Ipl + Ipl - Ipl (15)
Ie(trer) |14 ALy L(tyer)
+ T. ( probe) c( ref)

Finally, the actual differential reflectivity signal is given
by equation 11:

Aj(t) _ Af%c(t) —5 Al
R %(t;op) - 6 IC
with the above definition for 8 (equation 15).

( probE)- (16)

At last, one should be cautious about the
subtracted dark signal involved in the definition of
I.(t) depending on the status of the shutter in front
of the cathode. If ¢ = tgurr 1s the time when no
source of light is present (neither lamp nor plasma),
the quantity I(tgqerr) is the actual dark signal that
should be subtracted to all subsequent measurements
(see figure 2). But, shutter closed, a constant parasitic
light coming from the plasma emission reaches the
detector. It is similar but not equal to the direct
plasma contribution Igl during deposition because of
the screening by the shutter. Calling ¢t = ¢pre—sput the
time when the plasma is ignited, the shutter closed but
the lamp switched off before reference measurement
(t = trey) and growth start (¢ = teare) (see figure 2),
the definitions to be used are:

Al _ [I(t) - I(tdark)} - [I(tref) - I(tpre—szout)]
Tc(t) B I(tref) - I(tprefsput) 7(17)
during deposition and:
Al _ I(t) - I(tref)

Ic (t) B I(t'r‘ef) - I(tprefsput) , (18)

when the shutter is closed, in particular when t

tprobe .

To sum up, the proposed measurement flow chart
and the key quantities to disentangle the emission of
plasma is shown in table 1 and the timeline in figure 2.

5. Growth of silver on silicon: a test case

To illustrate the interest of the correction in conditions
leading to a sizable plasma contribution (see figure 4),
an experiment of silver deposition on a silicon
substrate was performed at a power of 200 W
corresponding to a fast deposition rate (1.9 nm.s™1).
Both s and p polarized signals were recorded with
the previously described optical set-up following the
protocol of measurement described in table 1 and
in timeline figure 2. The quantities of interest
I<tdark:); I(tprefsput)z I<tref)7 A[7ZC<t177‘ol)(5)a I;Zl; Igl for
the plasma correction were obtained by averaging
spectra over time frames respectively around tgq.,k,
tpre—sputs tref, tprobes t;l, tgl to increase statistics.
Actual dark correction was performed accordingly to
equations 17-18. « and (B were obtained according
to equations 11 and 15 in order to correct spectra
following equations 9,16.

Figure 6 compares corrected and uncorrected signals
all along the growth process from island to percolated
films. Spectra are dominated by (i) a low energy
feature that shifts towards red and transforms into
a continuous increase of reflectivity in the red
part of the spectrum and by (ii) a high energy
negative dip around 3.8 eV. They are assigned to the
excitation of dipole-like plasmon resonances in growing
nanoparticles, respectively parallel and perpendicular
to the surface [32, 33, 34, 17, 35]. Since their splitting
is indicative of the flattening of the particles, the
evolution of the SDRS spectra is typical for nucleation,
growth, coalescence and percolation of silver islands.
The interest of the correction is particularly salient
between 3.5 and 4 eV, in the region of the high energy
plasmon resonance. Its position is particularly spoiled
by the Ag plasma emissions D, E (figure 4). The
present methodology allows also to extract (i) the
component of the plasma directly collected by the
optical bench T ;C;ll as well as (ii) the total one I (t5,,+)
including also the reflected part on the silicon wafer
(figure 7) and (iii) the correction terms «, 8 (figure 8).

6. Conclusion

A methodology to correct UV-visible differential
reflectivity spectra from spurious plasma emission
during sputtering deposition has been proposed.
Experiments without illumination light show that the
collected plasma signal contains a direct component
but also a reflected one that evolves with the deposit.
A precise sequence of measurements in the regime of
thick film, with or without probe light, plasma emission
or sample allows to disentangle the plasma signal from
that of interest through a numerical treatment. The
protocol of correction is based on the assumption of a
stable plasma emission over time. It also relies on a
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reference measurement in the thick film regime where
the reflectivity does not change dramatically with
thickness. In this respect, absorbing layers like metals
are more suited that transparent dielectrics because
of potential interference fringes. Nevertheless, by
providing high quality data, this proposed correction
and the fast acquisition of modern spectrometers pave
the way to a better understanding of the first stages of
thin film growth by optical spectroscopy in the harsh
conditions of sputtering deposition.
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