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The Doppler-Shifted Reflectance Measurements diagnostic is applied for in-situ measurements of a total
spectral reflectance of the sample during the transition phase induced by physical sputtering of a layer
of tungsten (W) from an silver (Ag) substrate. The sputtering of a 4 mm layer of W is monitored
at the Balmer-a line A\ = 656 nm with a temporal resolution of 60 s corresponding to a thickness
of &~ Ao/100 in the absence of other light sources. The sample was exposed to a mixed argon (Ar)
and hydrogen (H) gas discharge in the linear plasma device PSI-2, where the Ar' ions, accelerated
by the applied negative potential of —180 V, were intrinsically used for sputtering of the deposited
film. The sputtered W or Ag were also monitored by optical emission spectroscopy. It is shown that
in low density gas discharges the Doppler-Shifted Reflectance Measurements diagnostic is, in providing
the value of reflectance, extremely sensitive to the transition phase between W and Ag — as compared
to resorting to the W-I and Ag-I emission lines intensities. It could thus be directly applied to cleaning
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plasma discharges with the presence of Ar and H or deuterium (D) ions.
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1. Introduction

Optics of metallic films is a topic of extensive re-
search of basic and applied sciences [1]. Deposition
of thin films on substrates in magnetron plasmas [2]
or manufacturing of optical interference coatings [3]
is only one example of plasma-surface interaction
studies where optical properties of films play a de-
cisive role. However, until now, measurements of
optical properties of samples require an external
light source to judge on the quality of the sur-
face or its modification during the plasma opera-
tion. Reflectance or transmission are usually ob-
tained using coherent (lasers) and incoherent (in-
tegrating sphere) light sources. Nevertheless, there
are a number of applications where the limited ac-
cess to the substrate or operation in a harsh envi-
ronment makes installation and application of stan-
dard techniques extremely difficult. Consequently,
in future fusion devices such as ITER, for instance,
the knowledge of the reflectance of the first mirror
is essential [4, 5]. A calibrating light source mon-
itoring mirrors represent an important element of
the current design of visible diagnostics as the im-
purity deposition leads to their degradation. It is
foreseen that additional low temperature plasma
discharges will be used to clean the mirror surface
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by physical sputtering as shown for instance in [6].
Therefore, the use of plasma emission in front of
mirrors as a strong incoherent light source which
replaces the measurements in the laboratory may
be deemed at least attractive if not indispensable.

2. Principles of the DSRM diagnostic

In contrast to time-resolved measurements in
the laboratory — the direct and reflected spectro-
scopic signals emitted by the plasma are in fact in-
distinguishable. The Doppler-Shifted Reflectance
Measurements (DSRM) have become possible only
recently [7, 8]. This new diagnostic emerged as
a result of detailed study of atom-atom collisions
at plasma solid interface [9]. A new approach sep-
arates the direct and reflected signal induced by
backscattered H atoms using the Doppler effect at
the kinetic energy of incident ions of 100 eV. The ex-
citation rate of H atoms by collisions with Ar atoms
exceeds the electron excitation rate by 2—-3 orders of
magnitude at temperatures of 1-5 €V [10]. As a re-
sult, the diagnostic operates successfully in low den-
sity plasmas with a low ionization degree. The de-
tailed outline of the DSRM diagnostic, modelling
of the spectra, including its limitation, are shown
elsewhere [8, 10-12].
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Schematic setup of the measurements of total reflectance in the laboratory and using the DSRM

diagnostic. (a) Measurements of the total reflectance in the laboratory: 1 is the light source, 2 is the baffle,
3 and 4 are the calibrating surface and the sample, respectively, 5 is the photo detector or the spectrometer,
0o is the observation angle relative to the normal of the sample z. (b)—(d) Measurements of reflectance using
the DSRM diagnostic. (b) shows the angular distribution of emission of backscattered atoms with the velocity

v at the elementary surface of the sample A.

(c) shows the energy distribution of the atoms, where v, is

the maximal velocity of the atoms. (d) shows the schematic picture of the blue- and red-shifted signal relative
to the Balmer line transition with the wavelength Ag.

Figure 1 exemplifies the common and different
features between the integrating sphere measure-
ments in the laboratory and the DSRM diagnostic
in the plasma. A reverse scheme of measurements
of total reflectance is shown in Fig. la. Here, an
external light source (1) illuminates an integrating
sphere and multiple reflections on its surface lead fi-
nally to a diffusive illumination of the sample. Baf-
fle (2) usually prevents the detection of direct signal
from the source (1) on the sample (3). The mea-
surements are done for the sample (3) and the cal-
ibrating surface (4) by replacing each other. By
comparing both signals detected by the photo de-
tector or spectrometer (5), which observes the sam-
ple at the angle 6, relative to the sample normal,
the value of total reflectance is obtained.

The emission of atoms, as shown in Fig. 1b,
demonstrates common features with integrating
sphere illumination at the assumption of isotropic
emission and absence of strong plasma gradients
along the mirror. Figure 1b shows the angular dis-
tribution of emission in front of an elementary sur-
face A (A — 0) of the mirror. The situation is nat-
urally almost the same as in the case of using the in-
tegrating sphere, except for the fact that the distri-
bution of emission does not follow Lambert’s cosine
law but is defined by the distribution of atoms for
this sample, i.e., it is a superposition for infinite
numbers of elementary surfaces A. The distribu-
tion of emission in the velocity space (v,v + dv)
is homogeneous if plasma parameters do not show
strong gradients along the mirror. There is no need
for calibrating surface here at all as the total re-
flectance is determined from the Doppler effect
induced by the angular and velocity distribution
of the backscattered H atoms. So for instance,
for the assumption of a perfect mirror, as shown
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in Fig. 1b, the detector always observes two sig-
nals: the blue-shifted one is the direct emission and
the red-shifted one is the result of photon reflection
on the surface.

The spectral interval and the shape of the ob-
served emission are defined not only by the angular
but also by the energy or velocity distribution of
backscattered atoms, as shown in Fig. 1c. The in-
terval of direct emission is prescribed by the projec-
tion of velocity of backscattered atoms on the line-of
sight (los). It varies from —v,, sin(6y) — vy, where
VU is the maximal velocity of H atom defined by
elastic collisions of an incident ion H' with a tar-
get atom [13]. The resulting blue- and red-shifted
signals are shown in Fig. 1d [10]. Until now, how-
ever, the modeling of emission is performed only in
the point source approximation for unique surface
element A, i.e., no integration along the surface of
the sample is performed and the temporal evolution
of emission is not considered either. The under-
cosine distribution of the emission with b = 0.2,
where b is the power of the cosine distribution of
atoms, could partially be a result of the limitation of
the model [12]. We apply here the DSRM diagnos-
tic during the removal of the W layer from the sub-
strate of Ag by physical sputtering of ArT ions.

The aim of this paper is to investigate how sen-
sitive is the diagnostic to the transition phase be-
tween the layer and the substrate. The previous
analysis was dealing only with mono samples. In-
deed, the DSRM operates in the presence of Ar gas
and, strictly speaking, Ar leads by physical sputter-
ing to the removal and degradation, depending on
the material, of the optical properties of the sample
at sufficiently long time of operation. For instance,
the degradation of reflectance for heated Al tar-
get was observed within an hour of operation [11].



The 100 years anniversary of the Polish Physical Society — the APPA Originators

For the cooled target of Al and Pd, the modification
of the total reflectance was observed on the level of
only a few percent after one hour of exposure [8, 11].
Therefore, it is expected that the DSRM could mon-
itor the transition between W and Ag as the value of
reflectance is determined using the ratio of the non-
overlapping part of emission in the spectrum.

3. Experimental setup

The experiment with the coated sample was per-
formed in a mixed Ar-H gas discharge in the lin-
ear plasma device PSI-2 [14]. A schematic top
view of the experimental setup is shown in Fig. 2a.
The sample was installed on the side manipula-
tor and put at the radial position corresponding
to the maximum of the cylindrically symmetri-
cal temperature and density hollow plasma profile.
The electron temperature and electron density pro-
files, as measured by a Langmuir probe, are given
in Fig. 2b. The scattering of data points results
from fitting uncertainties of the analysis software
for the Langmuir probe. The ions are confined by
an magnetic field of about 0.085 T at the position
of the sample [15]. The water-cooled sample was
kept at room temperature during the plasma expo-
sure. By applying a negative potential to the tar-
get of —180 V, the plasma ions were accelerated
in the sheath. The ion impact energy was reduced
by the plasma potential to 165 eV. At this energy,
the sputtering is dominated by Ar ions.

For the experiments, a 4 um W film was coated on
top of a 13 x 13 mm? mirror-like polished Ag sam-
ple by magnetron sputtering [16]. After the coating
process, a focused ion beam (FIB) — in combina-
tion with an scanning electron microscope (SEM)
— was used to measure the coating thickness as
shown in Fig. 3. Platinum (Pt) is deposited on top
of the W surface prior to the cut so that the destruc-
tions of the surface relief are avoided. The spec-
troscopic data reported in this paper are obtained
using two instruments. The spectrometer setup
was arranged like shown in Fig. 2. A high resolu-
tion spectrometer (HRS) (A/AX = 6.6 x 10°) with
an Echelle grating in the Littrow configuration was
used for the observation angle 35°. This instrument
serves to investigate the Doppler-shifted broadening
in the Balmer-a line at 6562.79A [17]. The spec-
trum was detected continuously with an integra-
tion time of 60-120 s to study the change in sur-
face reflectance during the exposure. Additionally,
a Princeton Instruments imaging spectrometer AC-
TON Series SP-750 was directed at 90° to the target
normal to observe the light emitted by the sputtered
atoms of W-T (4008.75A) and Ag-T (4055.484), si-
multaneously to the light emitted by the fast H
atoms. This instrument also utilizes Echelle grat-
ing in the first order with a wavelength resolution of
~ 3% 10*. Finally, a spectral interval of about 200A
could be observed on the chip in the current setup
of the imaging spectrometer.
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Fig. 2. (a) Schematic experimental setup at PSI-2:

the sample is exposed to the plasma and
the Balmer-« line is observed under an observation
angle of 35° to the surface normal using a high res-
olution spectrometer (HRS). The imaging spectro-
meter (IS) observes the light emitted by the sput-
tered atoms at 90° to the surface normal. (b)
Electron temperature and density profiles during
the experiment in PSI-2 as measured by a Langmuir
probe. The cathode current is 100 A, the flows of
Ar and H2 are equal to 40 sccm each, the gas pres-
sure in the target region equals 0.025 Pa, the plasma
potential at the radial position of the sample (grey
box) measured by a Langmuir probe is —15 V.

1 pm 3.00kv  IProbe= 500 pA ws:z_ o StageatT= 540° Agtarget2 IRE‘K_Q k'O‘.lecH|
Fig. 3. The layer of 4 mm W on top of an Ag sam-
ple. The cut, having a width of & 20 mm and

a depth of ~ 12 mm, was made using a focused
ion beam. The picture was taken using a scanning
electron microscope.
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4. Experimental results and analysis

Exemplary four spectra of the H line observed
at 35° at different times during the plasma expo-
sure are shown in Fig. 4. The full spectrum mea-
sured by high resolution instrument is presented in
Fig. 4a, whereas Fig. 4b focuses only on the emis-
sion of fast atoms. Also, the passive component
emitted by H atoms in the absence of a sample
is shown using a dashed black line. As expected,
no signal is detected at the blue- and red-shifted
spectral intervals. By applying a negative potential
to the target, the fast atoms (blue-shifted part of
the spectrum) and the effect of light reflectance in
the red-shifted part are detected. It can be seen that
the blue-shifted component stays nearly constant
over the entire exposure, whereas the red-shifted
one continually increases. The strong asymmetry
of the spectrum at the beginning of the discharge
is replaced with symmetric profiles after 700 min of
plasma operation.

The ratio of the red- to the blue-shifted signal
measured using the DSRM diagnostic is shown
in Fig. 5. The reflectance increases from 0.45
at the beginning of the discharge to the value
of 0.55-0.58 after 40 min of plasma operation.
A possible explanation for this is a smoothing of
the rough surface of W as seen in Fig. 3 (the zone
between Pt and W), resulting in a consequent lin-
ear increase of reflectance. The observed value
of reflectance after one hour is extremely close to
the most recent data on W [18] shown as the blue
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Fig. 4. Emission spectra of Balmer-a line induced
by backscattered fast atoms in the Ar-H discharge
during the transition between the W layer and Ag
substrate at different time stamps. The spectra
of the Balmer-a line, including the spectrum from
the calibration lamp containing H2 and D2 gases,
are shown in (a). The details of the emission in-
duced by backscattered atoms at different times are
exemplified in (b). The Balmer-a line observed
without sample is shown using the black dashed
line. The grey zones show the intervals where no
overlap between blue- and red-shifted signal occur.
Both spectral regions are used to obtain the value
of total reflectance.
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Fig. 5. Measurements of reflectance using

the DSRM diagnostic. The red line shows
the value of reflectance and the shadow region
— the error bars. The horizontal dashed blue
lines denote the values of reflectance for W (0.549
from [18] at 650 nm and 300 K) and Ag (0.99
from [19] at 656 nm). The time resolution was 120 s
for the measurements from 0 to 720 min and was
adjusted to 60 s to the end of the discharge. The
green diamond point shows the value of reflectance
(0.95) measured using the integrating sphere in
the laboratory.

dashed line in Fig. 5. After this first phase, a slow
increase of reflectance in the next 89 h operation
(0.55 — 0.6) is observed. The clear transition, i.e.,
the complete removal of W from the sample, is ob-
served between 780 and 820 min. The maximal
detected value of reflectance is around 0.92-0.93.
There are a number of reasons why the value of
0.95-0.99 [20] is not achieved in the plasma. The
first one is the presence of oxygen below 1% in
the PSI-2 plasma [21]. Also, the magnetron de-
position of W atoms or the preferential sputter-
ing [22] could destroy the mirror-like Ag surface so
that the total reflectance reduces. After this transi-
tion phase, the reflectance remained constant with
a tendency to decrease in the next 100 min. Us-
ing the thickness of sputtered W on Ag in Fig. 3
and the time of operation of 820 min required to
observe the transition, the density of Art species in
the plasma could be calculated. Indeed, taking into
account the expression for the sputtering rate [23]:

7
: 1)
nae
the current density J; and the ion density of Ar™
incident on the sample could be estimated. Here,
R is the sputtering rate (cm/s), Y is the sputtering
yield, J; = n;ev; is the current density to the sam-
ple (C/(cm? s)), na is the density of the sput-
tered atoms of W (cm™3), v; is the velocity of
the Ar' ions at the sample (cm/s) and e is
the elementary charge (C). We are aware that
also the ArH* could be present in such plas-
mas, however we do not expect significant dif-
ference in the sputtering process caused by Art

R=Y
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or ArHT ions. Taking the kinetic energy of
the ArT ions F; = 165 eV, the density of W atoms
of ng = 1.9 g/ecm?, the sputtering yield Y = 0.15 at
165 eV from [24] and e = 1.602 x 1071° C we obtain
the density of Ar ions of nfy,, = 1.4 x 10° cm™? at
the target. It corresponds to the current density of
Art of 0.537 mA /cm?.

To obtain the electron density in mixed plasmas,
the mass p of the average ion has to be used. The
value of p is largely unknown in our experiment as
it depends on relative concentration of Ar and H
ions. Until now we used the value p =~ 20 corre-
sponding to the relative flux of Hy and Ar atoms.
Here, the density of Ar ions at the probe posi-
tion (upstream) was estimated using the expression
n¥ ~ 2nt\/E;/T., where T, = 4 €V is the elec-
tron temperature as measured by the probe and n!
is the ion density at the target. We further iter-
ated the average mass p till the agreement between
the ion density measured using sputtering rate and
using the Langmuir probe experimental data was
achieved. In the calculation of electron density pro-
files the mass p = 6.1 was further used.

In fact, the extrapolation of the results of [25]
(see Fig. 4) to the gas flow values used here provides
a qualitative agreement with our data: the flux of
Art is reduced considerably compared to the flux
of HY. The temporal resolution of 60 s results in
a removal rate of material of approximately 5 nm.
Thus, during the measurements of one spectrum
the plasma removes the thickness [ = /100 of W,
where ) is the wavelength in the visible range. Tak-
ing into account that the surface with the irreg-
ularities o ~ A/20 is considered as an ideal mir-
ror, we demonstrated here for the first time that
the DSRM diagnostic is ideally suited to character-
ize optical properties of the surfaces as | << ¢ on
the macroscopic scale. Below, we compare the mea-
sured time of transition between W and Ag and ex-
pectations. Indeed, e-folding length of energy den-
sity in the metal equals to [1]:

A

4wk’ @)
where « is the extinction coefficient for the material
(k = 3 for W). Thus, in the case of a smooth inter-
face between W and Ag one has to detect the tran-
sition between two values of reflectance within of
5-6 spectra. Here, instead, one observes the transi-
tion within 40 spectra, corresponding to a thickness
d of 200 nm. Thus, the transition time measured
by DSRM shows that the Ag surface become dif-
fusive most probably either during the magnetron
sputtering or during the removal of W from Ag sub-
strate and not afterwards. The post measurements
of reflectance in the laboratory also demonstrated
a purely diffusive reflectance of the Ag sample with
the value of reflectance of 0.95 £ 0.03. We are go-
ing to investigate this effect in the near future by
deposition layers of different materials at other ex-
perimental conditions in magnetron or using other
techniques such as evaporation.
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Fig. 6. Emission spectra of sputtered W-I and
Ag-I lines measured using the imaging spectrometer
(IS) at the line-of-sight parallel to the surface.

In addition to DSRM measurements, the moni-
toring of sputtering was performed using the emis-
sion spectroscopy of W—I and Ag-I lines. The spec-
tra interval around one of the strongest lines of
W-I, observed for instance in fusion plasma [26],
was selected for the analysis, as no switching be-
tween spectral ranges was required. Even though
the integration time of the imaging spectrometer
was 5 min, by the factor of five longer compared
to the high resolution spectrometer, the detected
signal of the sputtered particles was close to the de-
tection limit. Spectra detected with this imaging
spectrometer are shown in Fig. 6. For the eroded
material, the neutral tungsten transition (W-I)
at 4008.75A [17] and the neutral silver transition
(Ag-1) at 4055.47A [17] are marked in the spec-
trum. Furthermore, the neutral argon transition
(Ar-1) at 4044.42A [17] is labelled. Under plasma
conditions used, the sputtered particles are excited
by electron impact excitation, whereas the fast H
atoms get excited by atom-atom collisions. It can be
seen how the light emitted by tungsten, and thereby
the sputtering of tungsten, is decreasing and the Ag
signal is increasing over time. The increase of Ag
is obviously stronger as the decrease of W due to
a different sputtering yield. Consequently, for in-
stance for Ag it equals 1.11, whereas for W-I it is
0.15 only. The W signal is strongly reduced already
after 770 min in comparison to the first spectra
and the Ag signal is already increased, even though
DSRM still does not show a strong gradient in tran-
sition. It is interesting that the detected value of
reflectance of 0.6 at time stamp of 770 min exceeds
the value of reflectance for W. The emission spec-
trum confirms it as the Ag atoms already appear
on the surface. The DSRM diagnostic determines
the reflectance at a point of &~ 3 mm diameter. Due
to the gradient in the plasma parameter, local tung-
sten islands can survive contributing to the W-I
lines emission, whereas in the center of the sample
only the substrate is observed.

The comparison demonstrates the major advan-
tage of DSRM approach, namely the excitation of
lines by atom-atom impact is much more efficient
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in the low temperature gas discharges with the ion-
ization degree on the order of 1-3%. The sputtering
of W-I is extremely weak and the signal scales as
n2, where n, is the electron density. In the case of
atom-atom excitation the signal is 100-1000 times
larger. Also, a weak variation of electron tempera-
ture leads to strong variation of the line intensities.
In the case of DSRM approach this is not the case.
The reduction of applied negative surface potential
to values of —100 V being the optimal for the op-
eration of the DSRM diagnostic, leads to a further
decrease of the measured signal.

5. Conclusion

The DSRM diagnostic was applied as an in-situ
monitor of the transition phase between metallic
surfaces caused by sputtering. Obviously in low
pressure gas discharges, the line shapes of backscat-
tered atoms monitor the transition between two
metallic surfaces much more effectively compared to
the classical emission spectroscopy induced by elec-
tron impact. The analysis is based only on the value
of directly measured total reflectance and does not
require an additional modelling.

In this paper, we measured the transition phase
between a deposited W layer and the Ag substrate.
We operated the DSRM diagnostic with a time reso-
lution of 60120 s which resulted in sputtered thick-
ness of A/100 for W. The rapid growth of reflectance
caused by the transition phase between W and Ag
was observed on depths of 200 nm during 40 min
of plasma exposure. This value exceeds the ex-
pected decay length of energy density in W, indi-
cating that the interface between W and Ag is not
smooth. It leads to a considerable diffusive compo-
nent of the Ag substrate. The post analysis con-
firmed the DSRM data: a pure diffusive component
of reflectance for Ag was detected using the inte-
grating sphere measurements (green diamond point
in Fig. 5). The value of total reflectance of 0.92
was found in excellent agreement with the value
of 0.95 £ 0.005 in the laboratory. In this experi-
ment, only the total value of reflectance was mon-
itored and no attempts were undertaken to distin-
guish between the specular and diffusive part using
polarization by light reflection (6 ~ 50°-70°) [12].
It seems that this novel technique is rather effective
in investigating damages on the interface between
materials, caused, for instance, by different regimes
of films production. Another field of application
is the cleaning processes. We are going to address
both topics in the near future.
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