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The method is suggested for statistical analyzing the surface structure in cases when the spatial size of structure is not
negligibly small in comparison with the size of an area to be analyzed. The method is applied to Rh film mirrors
subjected to sputtering by ions of deuterium plasma. The r.m.s. heights quantities are defined from STM and from
reflectance in the range 250...650 nm. The irregularities height distributions and the spatial length spectra are studied.
The data are compared with those for bulk Cu, SS and Mo polycrystalline mirrors tested in similar conditions.

PACS: 68.37.Ef; 68.47.De; 78.68.+m; 81.65.Cf
1. INTRODUCTION

This paper and paper [1] do concern the experimental
simulation of the behavior of Rh film mirrors, intended to
serve as the first mirrors (FMs) in ITER for some
methods of plasma diagnostics, e.g., Optical Spectroscopy
or Thomson Scattering. Being the plasma-facing
component, FM will be bombarded by flux of D and T
charge-exchange atoms (CXA) with mean energy =2
300 eV [2]. Because of a large size of FMs and the high
cost of Rh, the FMs will probably be fabricated as a
relatively thick Rh film deposited on metallic substrates.
By the ratio (R/Y.) of reflectance, R, to sputtering yield,
Y., for metals bombarded by D ions of several hundreds
eV, Rh is inferior only to W, Ta, and Mo but has the
higher reflectance [3].

2. SUBSTRUCTURE OF Rh FILMS

17 mirror-like Rh film on Cu substrate mirror samples
deposited by the electrochemical method up to thickness
2...4 um were repeatedly exposed inside DSM-2 stand [4]
to D plasma ions of fixed energy or wide energy
distribution, and their reflectance at normal incidence R(\)
within the range A=250-650 nm was measured ex-situ
depending on ion fluence and energy [1]. After these tests,
the surface of every sample was analyzed by SEM
(scanning electron microscope) and for some of them — by
scanning tunneling microscope (STM). According to SEM
results, all samples were divided into three groups by the
types of appeared relief: (1) weakly developed topography,
(2) fine-grained relief modulated by more developed relief,
(3) relief with the dendritic film structure [1].

The most representative samples M76, M92, M97
from each group were chosen for further analysis with
STM in use. The Rh films on M76 and M92 were
deposited in a pure electrolyte, but on M97 — with some
portion of Ni" ions. Mirrors M76 and M92 were exposed
to ions of D plasma with wide ion energy distribution in
the range 0.1...1.4 keV, mean &=0.65 keV, due to bias
sweeping with =100 Hz. M97 was exposed to
monoenergetic ions with &=1.35keV. The exposition
current was 1.3 mA/cm?® at D, pressure (7...8)-10” Torr in
all cases.

The heights of irregularities recorded by STM were
saved in computer as a matrix from a test square fragment
(TSF) with dimensions up to 1.6x1.6 um. For every
sample there were 3—6 such fragments named A, B, C,
etc. The lateral resolution of SEM and STM was ~10 nm
and ~2 nm, correspondingly. The depth resolution for
STM amounts to ~1 nm. The error of height measurement
by STM indicator is ~15%.

At exposition in plasma during 300 min in total, the
thickness of Rh film on M76 decreased from 4 to 1.7 um.
The roughness found by SEM and STM was the lowest
among three mirror samples; the surface almost saved the
flatness and homogeneity. The grain structure is only
slightly pronounced and in agreement with this, R(X) of
this sample changed less than for others (Fig. 1).
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Fig. 1. The degradation of Rh mirrors reflectance R(1)
during exposures time. The wavelengths are indicated on
the right of every group of curves

For M92 after total exposure duration 140 min the Rh
film thickness decreased from 3.6 to 2.5 pm. The surface
became of moderate-scale roughen and dull, and R(X)
decreased much below than for M76.

The sample M97 quickly lost the smoothness under
ion bombardment (exposures time 25 min in total, the
thickness of sputtered layer ~0.5 pm). The large-scale
grains similar to platelike dendrite structure appeared,
what is clear from SEM photo. The crystallites with the
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shape of plates are perpendicular to the surface and
disoriented with each other [1]. The dimensions of largest
grains on M97 surface are up to ~2 um. The R(A) drop for
MO7 was the most significant among samples, Fig. 1.

After expositions in plasma and STM processing, a small
part of every sample film was cut to take a SEM photograph
of the film cross-section. They are shown in Fig. 2.

Fig. 2. The SEM photographs of films cross-sections

There is a good correlation of the cross section sub-
structure with the surface topography (i.e., Fig. 5 in [1]).
Namely, the cross-sectional sizes of largest visible surface
irregularities of M76 are too small to observe by SEM, for
MO92 — the characteristic cross-sectional size of columnar
crystallites is of the order 0.1 pm, and for the M97 film,
which consists of plate-like crystallites, their size is up to
~2 um in width and up to 0.1 pm in thickness.

05050 101507 SRT=TE [cecton-o5os00usDT
" N GO nim

Iv

NETENEN
JAMA TP lU

s

#205050402.5DT |
-~ -

2084 nm

The heights of roughness irregularities were found
from STM-pictures. The most typical for each sample
STM-pictures, and their profiles along indicated lines are
presented in Fig. 3.

Being tested in similar conditions, the polycrystalline
mirrors, as distinct from the Rh film ones, demonstrate
the appearance of a pronounced step structure (e.g., [5])
due to difference in sputtering rate of grains with different
orientation  relative to  the  mirror  surface.
Correspondingly, the Rh mirrors behave much more
stable having been long-term sputtered. Specially
prepared Rh film mirror maintained their reflectance up to
sputtered layer thickness exceeded 7 pum [6].

To raise the quality of sample surface, recently the
short exposures of an oxidized bulk Cu mirror were
provided in experimental conditions similar to conditions
when M76 was exposed. With that the thickness
decreased by some tens of nanometers only. The
measured R(A) was restored to the one of a nonoxidized
sample. The XPS study of surface layer with thickness of
50 A reveals the rise of Cu atomic concentration from
8 % (oxide layer + adsorbed gases) to 48% (practically
unoxidized surface + adsorbed gases) after exposures.

3. CALCULATION

As follows from the mentioned above, the size of
some STM-pictures was only a few times larger than the
size of characteristic surface inhomogeneities, and
therefore the standard statistical methods can not be
applied for analysis of the surface microrelief of the
chosen samples. To increase a realization length with
small size of TSF, a sufficiently long polylines were
constructed from straight line segments (SLS) in a plane
of every TSF. The center of TSF was chosen as a
reference point M (Fig. 3). The first irregularities profile
is obtained along SLS from M to the middle of side (or to
a vertex) of TSF. The next profile is taken at return path
to M. Such loops to all 8 points are linked into a long (up
to 6.5 or 15.4 pum) irregularities profile h(x).

The r.m.s. heights osrm of h(x) were analyzed for each
TSF (see Table bellow). The heights distribution y(h) was
computed using h(x). The y(h) distributions of M76 and
M92 are almost symmetrical and both are steeper than the

=] Gaussian  approximations. On the contrary, the

distribution y(h) of M97 has 3 clearly seen peaks and can

- be approximated with Gaussian function very roughly

" (Fig. 4).
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Fig. 3. The STM photographs of TSF, top-down: M76,
M92, M97

The r.m.s. height value copr was estimated from
Bennett formula [7]:
R(A) = Ro(L)-exp[—(4ncoer) /A7) . (1)



The values Ro(A) before and R()) after the exposures are
used to calculate ooprr. Ro(A) corresponds to smooth
surface. As seen from the Table above, the copr values of
M76 and M92 are rather close to osrvm values, but copr for
M97 is not close to Gsmm.

- _
1 . O (¢ RN
5\ —M76(B)
§ B
% ’o‘t’: e M92(B)
. J 3
¥
5 Mo7(B)
4
. 5
S o
KK X%
© o000 0
S A v o
S00%% %% 1§ %
=05 B SRR , )
" PRSP 1o el S00tetes et 7 ’
c 055 0D esel 1808 1%Satetibes 7
e E g
~ RRIRRIEIAKIIERS 0 7
S TSI 298 1908 ALt Sst 7
> S0S3000090900%0 98020 Setatetetet So%0 100t ietetetetetitets 7 7
oSS OSSSe00 S SSSTete 145951 93051 Jeteteteteteratal 2
oSO S oSy oteresasatatorel Se%el 18o%! etatetoteticce 2
DSOS 2SO e o oatatote 0% Jote%i letesetatotoceses
S SRR SIS RIS
DoSeSesetets% 1a%asetete0etetete? 1atose! iSetety Setatetetetotetets .
DS oot rsssesesatotetetorstel Sasete! etels pReSetetetetetesesss /
IR RRRSISSIIIRLIRRLKS
OISO Aoatatotete o oatatotod a%uel 1Sote%s riastatotesetetetetes
SISO Nttt N otutotot s S0 %%y o toteresatatotoreretels:
e K b P
0 O i DSOS 20% 122028, 12202400 4 S U 0%

Fig. 4. The normalized height distributions x(h) (solid
lines) with approximating Gaussian distributions (dotted,
dashed, dash-dotted curves)

The dependence of copr on Rh film thickness eroded,
Y Ah, during exposures is shown in Fig. 5. XAh is determined
from the summarized mass loss measured by balance after
every exposure. The dependences at A=400 and 600 nm for
bulk polycrystalline Cu mirror exposed at similar conditions
as M76 are also shown in this figure. This mirror has copr,
correspondingly 17 and 26 nm for indicated A, and reveals
the step structure in SEM [5], in contrast to Rh mirrors M76—
M97 with oepr being nearly independent of A. For the
polycrystalline SS mirror tested in conditions similar to those
of Rh mirror tests, the copr(A) values changed from 12 to
26 nm when A varied from 250 to 650 nm. For one of Mo
mirrors, also tested in similar conditions, Gopr(A) varied from
9.5 to 18.9 in the same range of A.
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Fig. 5. The dependence of calculated oopr on thickness
loss 2XAh

The spectrum of spatial frequencies of irregularities
was found by Fourier transformation of h(x) for Rh
samples. The spectra SP(X) of spatial lengths X are shown
in Fig. 6. The approximate length range A occupied by
every spectrum is shown in the Table above. The cutoff of
spatial lengths was assumed to be SP(X)<1 with an aim to
reject the short-wave components with low amplitudes.

4. DISCUSSION

The strong effect on R decrease of M76-M97 is
explained by: a) ostm growth, b) increase of spectrum SP

components contribution, c¢) appearance of shorter or
longer spatial lengths X. The strongest factors are a) and
b). The SP(X) spectrum of M76 has almost no short-wave
components at X=32 nm where SP(X)<1. The spectra of
M92 or M97 have almost no short-wave components at X
=20 nm.
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Fig. 6. The spectra of spatial lengths SP(X) of fragments
M76(C), M92(B), M97(B)

For y(h) of M97 the largest heights indicated by the
right wing dominate (Fig. 4). The lateral size of the
largest crystallites (up to ~2 um) exceeds the wavelength
of light intended for diagnostics, what results in a
noticeable light scattering from the surface.

The validity of formula (1) for copr has been verified
for Rh samples by more complicated formulas of
Rayleigh-Rice theory (RRT) at 2=632.8 nm [8]. Formula
(1) gives the satisfactory relative error module, |[AR/R|
<12%, assuming AR=Rgennei—Rrr1r, R=Rrrr, 0<35 nm and
X>150 nm. At X<150 nm, value |AR/R| is bounded by
23%, but this part of the whole spectra has too low
amplitudes.

In the range 6>35 nm, formula (1) overestimates RRT
result of R(L) with |AR/R[>12 % at X>150 nm, and with |
AR/R|>23 % at X<150 nm. This is exactly the case of ¢
for M97. The RRT approach is applied in practice with 2
conditions: o/A = 0.05, and o/X 203 [8]. M76 satisfies
with these conditions, M92 satisfies with the first
condition only partly (at [|h|<12 nm), but M97 does not
satisfy any conditions. Therefore, the estimates of copr
have only a correlative character.

At large copr both formulas, of RRT and (1) have to
be used with some precaution. And for sure, they can not
be applied for description of surface roughness developed
on a polycrystalline mirror surface due to a long-term
sputtering. A strong difference of ocopr for different
wavelengths shown above and in Fig.5 is a clear
indication on this.

5. CONCLUSIONS

1. The method of Fourier analysis of irregularities for
small TSF areas by using a long profile constructed as
polyline from short straight line segments was developed
for calculation of main roughness parameters, basing on
the STM and SEM data. The method was applied to
analyzing the surface of film Rh mirror samples long-term
bombarded with ions of deuterium plasma. The results
demonstrate the prospect of application of such method
for analyzing the microrelief characteristics developed on
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the mirror surface in cases when the STM data are limited
by a small area with size not too exceeding the spatial size
of characteristic surface irregularities. The combination of
STM data and Fourier analysis provides the objective
quantitative characteristics of roughness in the description
of mirrors reflectance characteristics.

2. When passing on to more roughen Rh sample, the y(h)
distribution becomes farther from the Gaussian ones, and
for highest roughness (M97) the distribution has no less
than 3 peaks. With that, the spectrum broadening and the
rise of amplitudes of all the spatial waves are observed.

3. The type of mirror determines the effect of long-term
ion bombardment on stability of its optical properties. The
Rh film mirrors with low rate of development of a surface
relief behave rather stably being long-term sputtered. The
ooer of such Rh film mirrors (M76, and in some degree,
M92) is nearly constant on A. On the contrary, Cu, SS or
Mo polycrystalline mirrors have a pronounced step
structure due to a difference in sputtering rate of grains
with different orientation to the surface. The value Gopr of
such mirrors was found to increase with A, what is clear
indication on the non-applicability of approach described
in [7], and formula (1) to such kind of relief.

4. When applying the SEM and STM methods with
analysis of the R(A) modification under ion bombardment
one should prefer RRT approach to formula of Bennett,

with the restrictions, imposed by TSF size and two RRT
inequalities.
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BJMSHUE JJIUTEJIbHON NOHHOW BOMBAPJINPOBKH HA HEKOTOPBIE ONTUYECKHE
CBOWCTBA 3EPKAJI C INIEHKAMHU U3 Rh U MACCUBHBIX NOJIMKPUCTAJUIMUECKHUX 3EPKAJI

B.H. bonoapenko, A.@. bapoamuo, B.C. Boiiyens, B.I'. Konosanos, C.I1. Kynuk, C.H. Conooosuenxo,
K.H. Axumos, M.B. /loopomeopckasn

IIpennokeH METO/ CTaTUCTUYECKOTO aHalIM3a MOBEPXHOCTHON CTPYKTYPHI B CIIydasix, KOTJla €€ MPOCTPAaHCTBEHHBIN
pa3Mep He SBISeTCA MPEHEOPEKNMO MaIbIM B CPABHEHUH C pa3MepoM aHAIM3HpyeMon obmactu. MeTon npuMeHseTcs
JUTS TUICHOYHBIX Rh 3epkali, pacmbUICHHBIX HOHAMH JCHTEpHeBOH Iuia3Mbl. CpeaHEKBAAPATUIHBIC BEJIMYUHBI BBICOT
onpenersuichk mo ganHEIM CTM m koaddunmerTa oTpakeHus B AuanazoHe MUH BONH 250...650 HM. BwrawmcneHst
pacmpeneneHrss BBICOT HEPOBHOCTEH W CHEKTPHl JUIMH TPOCTPAHCTBEHHBIX HEOTHOPOAHOCTEH. Pe3ynmbrarsl
CPaBHHUBAIOTCSI C MOJYYEHHBIMU JJIi MAaCCHUBHBIX MOJUKpHUCTAUIMUECKUX 3epkall u3 Cu, HepkaBewluen craau u Mo,
PACTIBUICHHBIX B TOJJOOHBIX YCIOBHUSX.

BIIJINB TPUBAJIOT'O IOHHOI'O BOMBAPAYBAHHS HA JESKI OIITUYHI BJIACTUBOCTI
J3EPKAJI 3 INIIBKAMMU 3 Rh I MACUBHHUX HOJIKPUCTAJITYHUX A3EPKAJI

B.M. Bonoapenxo, O.®. bapoamio, B.C. Bouuyensn, B.I'. Konoeanos, C.I1. Kynuk, C.I. Conooosuenko,
K.I. Akimos, M.B. /loopomeopcvka

3anpornoHOBaHO METOJ CTATUCTUYHOTO aHAI3y MOBEPXHEBOI CTPYKTYPH Y BHUIAIKaX, KOJHU MPOCTOPOBHUII pO3MIp
CTPYKTYPH HE € HEXTOBHO MAJIUM TOPIBHSHO 3 PO3MIpOM aHaNi30BaHOi 001acTi. MeTo1 3aCTOCOBYETHCS IS TUTIBKOBUX
Rh m3epkain, mo Oymu po3nmicHi ioHaMu aerTepieBoi mra3mu. CepeHbOKBaIPATHIHI BETMYNHI BIHCOT BH3HAYAIICS 32
maanmMu CTM 1 koedirienta BimOWTTA B Jiama3oHi MOBKUH XBWIb 250...650 M. OOYHUCIEHI PO3MOALIM BUCOT
HEPIBHOCTEH 1 CIIEKTPHU JIOBKUH MPOCTOPOBUX HEOTHOPIMHOCTEH. Pe3ynbTaTi MOpPiBHIOIOTHCS 3 TaHHUMH, OTPUMAHUMU
JUTSI MACUBHHX TIOJIIKpUCTANIYHUX A3epkan 3 Cu, Heip)kaBirodoi ctali i Mo, po3NMuiIeHnX B IOIOHMX YMOBax.



