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Sapphire surface layer structure and transmission in visible after

sputtering in H,—N, RF discharge

© A.E. Gorodetsky,' L.A. Snigirev,”> A.V. Markin,! V.L. Bukhovets,' T.V. Rybkina,' R.Kh. Zalavutdinov,'

A.G. Razdobarin?* E.E. Mukhin* A.M. Dmitriev?

! Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences, Moscow, Russia

2 |offe Institute, St. Petersburg, Russia
e-mail: amarkin@mail.ru

Received April 15, 2022
Revised May 27, 2022
Accepted May 28, 2022

Leucosapphire (c-LS) structure and transmission in visible after surface treatment in 90%H,—10%N, RF
discharge are studied. According to AFM, the number of scratches of the mechanically polished surface decreased
significantly after removal of about a 300 nm layer (exposure time of 12h) under unchanged rms of roughness.
According to TEM, a two-layer structure formed in the near-surface region consists of an outer 10 nm amorphous
layer followed by a crystalline layer of 40—50 nm with a high defect density. The c-LS transmission in the angle
of 400—1000 nm either slightly increased or remained unchanged. The demonstrated transmission stability during
exposure in 90%H,—10%N, RF discharge allows us to consider the plasma sputtering as a promising technique for
cleaning contaminated windows protecting first mirror of divertor Thomson scattering being developed for ITER

divertor
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Introduction and problem statement

Along with the problem of radiation damages in the
materials of the main chamber in the under-construction
experimental reactor (ITER) and the future demonstration
fusion reactor (DEMO), there are a number of issues
related to the erosion of the first wall, accompanied by the
deposition of the sprayed material on the optical elements
of diagnostic devices located in the direct visibility of the
central and divertor plasma.

In modern tokamaks the optical diagnostic systems collect
the light emitted by the plasma using lenses, fiber optic
light guides, and vacuum windows placed on the body of
the working chamber [1]. In the under-construction inter-
national thermonuclear reactor ITER in France, intravacuum
metal mirrors (the so-called ,,first“ mirrors) [2] are supposed
to be used to collect light from plasma. The mirrors will
be installed in special diagnostic nozzles at relatively short
distances from the plasma.

For the diagnostics of divertor plasma by the Thomson
scattering (DTS) method, when detecting scattered light in
the spectral region 550—1100 nm, it is supposed to use a
mirror ~ 20 x 20cm?. The first mirror will be placed in
a narrow diagnostic channel at a distance of about 1.3m
from the plasma [3]. It is assumed that this mirror can be
subjected to significant thermal loads and the action of flows
of neutral atoms from the plasma (D,T, Be and W) [4].
For the first mirror assembly it is necessary to solve the
problems of choosing suitable materials and technology for
manufacturing the mirror itself, to work out systems for

protecting the mirror from the adverse effects of plasma
and radiation, flows of impurity atoms, mainly beryllium.
Be films condensed on the mirror will lead to its reflectivity
decreasing. Paper [5] considers the possibility of protecting
the ,first® mirrors with DTS windows, ie., thin quartz or
Leucosapphire plates [6] separating all vacuum optics from
the effect of particle flows of nuclear fuel and particles of
the sprayed material of the first wall.

Leucosapphire is a synthetic, colorless, optically trans-
parent, chemically pure single crystal (a-Al,Os3). The
base face with plane (0001) is the most densely packed,
highly symmetrical, and stable surface in the manufacture of
windows and plates from Leucosapphire (hereinafter c-LS
or LS). In many optical devices the use of windows with
base orientation is preferable compared to windows made of
crystals with prismatic orientation, due to maximum stability
and the absence of double-refractive effect in them [7,8].

LS is inferior to quartz KU-1 in terms of maintaining
light transmission in the visible range under conditions of
neutron and gamma irradiation [9,10]. Taking into account
the increased mechanical strength, chemical resistance and
high thermal conductivity of LS, the authors of [6] did not
exclude the possibility of using it as one of the options
for the protective window in the DTS. When placing the
window in front of the first mirror, the problem arises
of developing a technology for its cleaning in situ from
beryllium deposits and contaminants associated with them.

The problem of cleaning the sapphire windows from
contamination exists in a wide variety of plasma [11] and
high-temperature vacuum installations.
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In this paper we consider the possibility of using a gas
radio-frequency (hereinafter referred to as RF) discharge to
clean LS from contaminating film deposits condensed on
its surface. It can be assumed that during cleaning, due to
uneven contaminants removal from the LS surface, it will
be necessary for some time to act with plasma directly on
the surface layer of the sapphire window. Therefore, for the
effective and reliable use of RF discharge, it is necessary
to track the change of the structure and of the topography
of a clean optical surface as a result of a sufficiently long
plasma exposure and the change in the light transmission of
LS associated with such exposure.

Taking into account experiments on tokamaks [12-14]
mixtures of hydrogen isotopes with nitrogen were chosen as
working gases. The nitrogen introduction into the divertor
plasma (up to 10%) is used to suppress local overheating of
the divertor plates by converting most of the plasma power
flow into radiation and to distribute the thermal load on
the first wall over a large area. Previously, it was shown
that adding nitrogen to the hydrogen plasma of a cleaning
discharge increases the sputtering rate of metals [15]. As
the main criterion of the optical resistance of the window
material, we chose the light transmittance in the operating
wavelength range of DTS — 400—1000 nm.

Material science developments carried out for ITER
may also be useful in other areas, for example, in optics
and microelectronics [16], laser engineering and instrument
engineering [17]. As a model material, LS is used
when considering various issues of surface phenomena,
such as the nucleation and growth of metal films on a
substrate [18], contact phenomena in the manufacture of
alloys Al/A1,03 [19,20], adsorption [21], friction [22], light
transmission and scattering [23] etc.

The method of RF plasma cleaning in the H, —N, mixture
considered in this paper may be useful in the formation
of low-temperature buffer layers on the sapphire substrates
for the further deposition of films of compounds A3Bs, for
example, films of widely used gallium nitride (GaN) [18,24].

1. Experimental procedure

In the proposed cleaning scheme a direct current (DC)
discharge with a working current of 30 mA between the
hollow cathode and the earthed anode was a source of
background plasma in a quartz tube with a diameter of
19mm and 50cm long. A radio-frequency capacitive
discharge was formed between two electrodes: a high-
voltage (HV) electrode with an area of 2.27 cm?, connected
to RF generator 13.56 MHz, and earthed electrode with an
area of 10cm?. The electrodes were located one opposite
the other in the center of the positive column on the tube
wall in the direction perpendicular to the axis of the positive
column of the discharge. The RF generator (at installed
power 50mW and reflected power 3—4 W) created the
auto-bias —300V on a target made of LS, optically polished
on both sides, with an area of 1 cm? and 1 mm thick. During

the experiments, the temperature of the sample did not
exceed 100°C. The installation scheme is described in detail
in [14,25]. In addition to [25], Fig. 1,a shows a scheme for
LS attaching to the HV electrode. Fig. 1,5 shows the glow
of RF discharge near HV electrode, to which LS plate is
attached. The photo shows the cathode dark space adjacent
to the HV electrode.

Mass flow rates were set by a block of gas flow regulators:
10.3 and 1.15ml(s c)/min under normal conditions for H,
and N, respectively. Thus, the flow of N, was 10% of the
total flow of the mixture H, and N, (hereinafter H;—N,). In
all experiments, the pressure was maintained equal to 15 Pa
using a throttling valve installed upstream of the vacuum
booster pump. The LS sputtering rate was determined
by weighing samples on the Sartorius Ultramicro balance
(with 0.5 ug accuracy) before and after exposure to plasma.

The LS structure was studied using reflected diffraction of
X-ray beams (RSXB, Bragg-Brentano symmetric or mirror
reflection [26], 6—26 scheme, DRON-3 diffractometer, Rus-
sia) in CuK, copper radiation with the simultaneous rotation
of the sample around an axis normal to the surface at a
speed of 0.7rot/s. The samples were scanned in the range
of scattering angles 20 = 4—100° with a step 0.03° and a
counting time at each step 3s. The angles measurement
accuracy was 86 = 0.02° (3.49 - 10~#rad). According to
the Bragg equation, the relative error in the measurement of
interplanar distances is Ad/d = §0ctgd = 3.5 - 10~ ctg 6.

The plasma-facing and opposite cross-sections of the
C-LS plate after long-term exposure to the discharge were
examined in the Phillips EM420 transmission electron
microscope (TEM) with an accelerating voltage of 100 keV.
Samples were prepared for TEM by grinding and polishing
followed by sputtering with Art ions with energy of 4 keV.

The light transmittance was measured using a setup
assembled using fiber optic components manufactured by
AVANTES (www.avantes.com). The LS sample was in-
stalled on a flat section of the body of the integrating sphere
(AvaSphere-50). The light source was a halogen lamp with
power stabilization (AvaLight-HAL). The LS transmittance

® ®°
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Figure 1. Scheme of mounting dielectric sample on HV
electrode: / — HV electrode, 2 — quartz tube, 3 — LS plate
1x1x02cm? 4— square window 0.9 x 0.9 cm?, 5 — ceramic
sample fixing cover, earthed electrode 6 is not shown in the
scheme (a); photo of RF discharge in a mixture H—N; in the
region of the explosive electrode: I — explosive electrode with
sample, 6 — earthed electrode (b).

Technical Physics, 2022, Vol. 67, No. 10



Sapphire surface layer structure and transmission in visible after sputtering in Hy—N;...

1375

3r 0-Al,04 a 3k b
» 2L £(0006) (00012) . ol (00012)
53 [ o
< <t
= =
~ _
1 B 1 |
0 1 1 1 | 0 ,
34 44 54 64 74 84 94 90 94
26, deg 20, deg

Figure 2. Diffraction pattern of the original plate LS-1 (/) and the plate LS-2 exposed to the RF discharge (2) for 12h (a); reflection
(00012) with the separation of the components of the a-doublet K, and Ky, for CuK, (b) radiation.

was calculated as the ratio of the sample spectrum to the
spectrum measured in its absence.

The relief and surface roughness of LS were analyzed
using the Enviroscope atomic force microscope (AFM)
(Bruker) in the semi-contact mode with a silicon can-
tilever with a radius of 10nm manufactured by TipsNano
(Zelenograd). Topography was studied in several areas
of 100 um? [27].

At all study stages the morphology of the initial and
irradiated surfaces was inspected using the Neophot-2
optical microscope (OM), Germany.

A preliminary morphological and structural description
of the surface layers of the initial optically polished plate
was carried out on LS-1 plate. The authors assumed that
the initial structure of the surface layers of LS-2 and LS-3
plates exposed to RF discharge is similar to that of LS-1.

2. Experimental results and discussion

The LS has a thombohedral lattice belonging to the space
group R3c [16,28]. Such lattice is described using both
rhombohedral and hexagonal lattice cell. The LS lattice
consists of hexagonal closely-packed oxygen atoms located
in the same plane and intermittent with planes of closely-
packed aluminum atoms. In the aluminum plane, 1/3 part
of the positions remains vacant. Therefore the ratio is
Al/O =2/3. Bach Al atom is surrounded by 6 oxygen atoms,
and each O atom is surrounded by four Al atoms. Vacancies
are located on the so-called ,r“ planes, providing the LS
with the ability to split along these rhombohedral planes.
Because of this, the lattice cell of the LS was chosen taking
into account the positions of Al vacancies.

The analysis of the samples using RSXB showed that
the spectra of the original LS-1 plate and plates LS-2 and
LS-3 exposed to plasma contained diffraction reflections
(0006) and (00012) with a width at half maximum of
0.14 +£0.03° and 0.13 +0.03°, respectively (Fig. 2,a).
The peak intensity of these reflections by three orders of
magnitude exceeds the intensity of the background signal.
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The lattice cell size ,,c“calculated from the reflection
(00012) (Fig. 2,b) at an angle 20=90.73° and the pene-
tration depth of the probing beam up to t=100um from
the surface turned out to be ¢=(1.2992+0.0005) nm. In
the case of mirror reflection, the penetration depth was
determined as t = 4.615sin6/2u [26]. The mass absorption
coefficient of LS was calculated taking into account the mass
coefficients of aluminum and oxygen, the mass fractions of
the elements X; and X, in LS:

1/p(ALO3 = X1u1/p1 (Al) + Xopia/p2(0) = 31.4[g~ ' em?).

at
be

coefficient
out to

The linear absorption
o =3.97g/em®  turned
‘U(A1203) =125cm~!.

When previewing the surface of LS-1 plate in OM and
AFM, the main defects turned out to be straight polishing
grooves (Fig. 3,a and 4,a) 0.5—1 um wide and 2 to 10 nm
deep (Fig. 4,a), creating roughness Ry = 2.4 4 0.2 nm.

The light transmittance in the wavelength range
400—1100nm of the original c-LS plates at normal inci-
dence were 85—86%.

Plates LS-2 and LS-3 were exposed to the RF dis-
charge of H,—N; mixture for 12h. During the sput-
tering of LS-2 and LS-3 the layers with the mass of
116 + 14 ug/cm? were removed. The sputtering rate turned
out to be 9.5 & 1 ug/cm?h or 24 + 3nm/h. The thickness of
the removed layers was 290 + 30nm.

After plasma the grooves became less contrasting with
rough edges. There were gaps and bridges on the grooves.
A weak contrast appeared on the surface areas between the
grooves, probably caused by the development of submicron
roughness (Fig. 3, b).

As a result of plasma exposure in the discharge, the
number of grooves on the AFM image of the LS-2 plate
decreased, and their width increased (Fig. 4, ). Bridges up
to 2 um appeared on the grooves.

In the LS-2 plate the light transmittance in the wavelength
range 400—1000 nm increased by 0.5—1% compared to the

LS density
equal to
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Figure 3. LS surfaces in OM: LS-1, original (a

15 nm a

); LS-2 — after exposure to RF discharge in a mixture of H—N, for 12h (

10 pm
—15 nm

10 pm

—7 nm

Figure 4. Surface topography of LS-1 (a) and LS-2 after exposure to plasma H,—N; during 12h (b).

initial value (Fig. 5). In the LS-3 plate, after exposure to
plasma, the light transmission remained at the initial level.

The above parameters of the diffraction peaks before and
after plasma exposure (Fig. 2) indicate the high perfection
of the deep layers of the LS plates, which remain intact
as a result of a long exposure to a cleaning RF discharge.
However, structural changes in the near-surface layers of
plates up to 1um were recorded in TEM. Visualization of
the damaged layer of the LS-2 plate is shown in Fig. 6.

On the dark-field image (Fig. 6,a) in reflection (0006)
(Fig. 6,b) one can distinguish the uppermost, severely
damaged and amorphous layer /, 10nm thick. This layer
appears darker than the color of the deeper layers of the
crystal. Behind thin layer / there is crystalline layer 2, in

the form of a white-black region, about 50nm wide. The
same two layers are clearly visible in Fig. 6,c obtained in
the dark field of a barely noticeable ring passing through
the reflection (1120) in the electron diffraction pattern
(Fig. 6,b). In the reflection of the arc of the indicated
ring, the layer / is light gray, and the region 2 is dark.
Light inclusions in the damaged layer / are sapphire
nanocrystals 2—4 nm in size.

Layer 2 is saturated with defects, however, the crys-
tallinity of layer 50nm 2 is evidenced by the contrast
presence in the dark-field images in Figs 6,a and c.

On the cross-section of the opposite, non-irradiated side
of the plate there was no amorphous layer (Fig. 7). The
thickness of the primary damaged sapphire layer formed

Technical Physics, 2022, Vol. 67, No. 10
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Figure 5. The transmittance of the LS-2 plate before (/) and
after exposure to plasma H,—N, for 12h (2). The calculated
transmittances of the LS plate with the density uniform through
thickness 3.97 g/cm® (3), and of the plate with thin surface layers
50 nm thick and a reduced density of 3.84 (4), 3.80 g/cm® (5).

during mechanical polishing did not exceed 300 nm and was
comparable to the thickness of the material layer sputtered
during 12h of plasma exposure. The density of dislocation
clusters was lower than the density of defects on the
irradiated side.

It is reasonable to assume that the observed in the TEM
surface layer /, facing the plasma, is formed as a result of
the action of accelerated ions. In the described experiments
the energy of atomic and molecular charged particles of
hydrogen and nitrogen colliding with the target varied in
the range from 0 to 300eV [15]. According to calculations
using the TRIM program [29] even for the lightest HT ions
with the maximum energy of 300 eV, the number of which
is extremely small, the path length did not exceed 10nm.
It can be assumed that amorphous layer / was formed as a
result of deceleration of the introduced particles.

The nature of the formation of deeper layer 2 with a high
defects density is not obvious and requires a separate study.

Based on the structural analysis in TEM, it can be
assumed that due to the high concentration of defects the

100nm -

at

average mass density of / and 2 surface layers with a
thickness of 50—60nm is somewhat less than the density
of the initial LS-2.

The total decreasing of mass density can lead to a
corresponding decreasing of the refraction index, which is
described by the Lorenz-Lorentz relation for the so-called
specific refraction — ref [30]:

ref = (0 —1)/(n® +2)u, (1)

where n is refraction index of the medium at its density p.
The value ref for the given matter is a constant. It follows
from formula (1) that when p decreases, n also decreases.

Calculations of transmittance of the plate with the thin
layer 50 nm thick on the input surface were performed using
the Optical program [31]. The refraction index n = 1.77 for
LS is taken from [32]. The transmittance change of the
plate with the upper 50 nm layer with a density of p = 3.80
and 3.84 g/cm? is shown in Fig. 5. It can be seen that, for
the assumed p, the calculated transmission spectra 4 and 5
are close to the measured spectrum 2. Such quantities p
correspond according to formula (1) to the refraction indices
n=1.73 and 1.745.

In this regard, note paper [33], which shows that thin
amorphous films of aluminum oxynitride (AIOxNy) are
transparent at a wavelength of 550nm with refraction
indices N = 1.65—1.83 depending on the deposition modes.

Note also paper [34], in which thin porous films of
anodized aluminum oxide (60nm), deposited on quartz
substrates, reduced reflection and increased the transmission
of visible light in the region of 200—900 nm.

Thus, after exposure to the RF discharge in the H,—N»
mixture, the optical spectrum of c-(0001) LS exhibited a
trend towards transmission increasing in wavelength range
400—1000nm. The analysis of the plate structure showed
that as a result of plasma exposure in the near-surface
region 50—60 nm thick a two-layer composition was formed,
consisting of an outer 10 nm amorphized layer and an inner,
crystalline layer 40—50nm thick with high defect density.
Numerical estimates of light transmission showed that the
experimentally detected light transmission increasing can be

Figure 6. Cross-section of the LS-2 plate after exposure in the discharge for 12 h: dark-field image in the reflection (0006) (a); electron
diffraction pattern of the near-surface layer (b); darkfield image in the ring (1120) (c). The zone axis is oriented parallel to the electron

beam.
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100 mam

Figure 7. Cross section of the non-irradiated near-surface layer of
the LS-2 plate in the reflection (0112). The zone axis is oriented
parallel to the electron beam.

associated with the formation of a defect layer 50 nm thick,
a mass density of 3.8—3.84g/cm?, and a refraction index
n=1.73-1.745.

Conclusion

After exposure for 12-h to the RF discharge in the
H,;—N, mixture, and removal of the material layer 300
nm the optical spectra of c-LS exhibited a trend towards
transmission increasing in wavelength range 400—1000 nm.
With significant changes in the surface topography, the
roughness value of the c-LS plate remained unchanged
Rg = 2.5nm. The analysis in TEM of the cross-section of
the c-LS plate made it possible to conclude that, as a result
of plasma exposure, the surface layer 10nm thick passes
into the amorphous state. Behind the amorphous layer
there was a defective crystalline layer, about 50 nm thick,
with a high density of defects. Numerical estimates shown
that the experimentally found tendency to light transmission
increasing can be associated with the formation of a near-
surface two-layer structure with a total thickness of 50 nm,
an average density of 3.8—3.84 g/cm?, and refraction index
n=1.73—-1.745.

The experiments carried out made it possible to conclude
that in the considered RF discharge in the 90%H,—10%N,
mixture the initial optical parameters of the c-LS plate
are retained. LS is a promising material for use as thin
protective windows in front of the first metal mirror in CTS
installations. The developed cleaning method turns out to
be quite promising for use in some operating modes in
the divertor region of CTS installations. At the same time,
the issues of the LS radiation damage effect on the optical
properties require additional study.

Material science developments for ITER can also be
useful when considering various issues of surface phenom-
ena, such as the nucleation and growth of metal films
on a substrate, contact phenomena in the manufacture

of alloys, the study of friction mechanisms, etc. RF
discharge in hydrogen makes it possible to form surfaces of
optical oxides with controlled roughness, to restore to metal
the thin surface layers of oxides with an average oxygen
affinity. When nitrogen is added to hydrogen using the RF
discharge, it becomes possible to modify the structure of
the uppermost surface layers and to form amorphous and
crystalline oxynitrides in them.
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