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Roughness effects on the reflectance
in the design of a soft X-ray multi-layer mirror
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Abstract : In the desgn of a multi-layer mirror at A =1.03 nm in oft X-ray regin, a modified method is
presented , in which the effectsof root-mean-square (rms) roughnessof the substrate and interf aces between
these films on the reflectance are consgdered and discussed. Then, the mathematical modd for rough inter-
facesis given based on the scattering theory presented by D. G. Stearns. The desgn result showsthat the
substrate roughness (rms) should be smaller than 0.6 nm in order to fabricate a multi-layer mirror whose
reflectance is greater than 10 %. A few super-polished fused quartz substrates with 0.5 nm (rms) rough-
ness are chosen in ooating experiments. The measured reflectance is about 10 % at A =1.03 nm ,which is
condstent with the result acquired by the modified desgn method. The multi-layer mirror has been gpplied
in a X-ray spectrograph for diagnossof inertia confinement fuson (ICF).
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1 Introduction

Multi-layer reflecting mirrors have many ap-
plications in X-ray region, for example, inertia
confinement fuson (ICF) , astronomy and biologi-
ca microscopy! ™. In the longer wavelength re-
gion of oft X-ray (A > 10 nm) , high peak re-
flectance of Mo/ S multi-layer mirrors have been
obtained at several wavelengths, for instance, the
peak reflectance at A = 13. 4 nm reachs 66 %>
But in the shorter wavelength region of oft X-ray
(A <10 nm) , thefabrication of multi-layer mirrors
with high reflectance is ill in research and devel-
opment , and the measured reflectance is much low-
er than that of the theoreticadly desgned. The
main reaon is that there are rough surfaces, in-
cluding substrate and interfaces between the films.
In the shorter wavelength region of oft X-ray , the
vaue of roughness has a greater effect on re
flectance than that in the longer wavdength re-
gion. S in order to fabricate multi-layer mirrors
with high reflectance in this region, it is essentia
to condder the effect of roughness.

In the processes of desgning and fabricating
multi-layer mirrors, the first thing is to sect the
best matching materiadl pairs which can form
smooth and compostionaly abrupt interfaces, and
have a high optical contrast and minimal absorp-
tion. And then the roughness of the substrate and
interfaces is assummed to be zero. According to the
iterative or matrix method of the multi-layer film
theory, caculations are done to gain muti-layer
structure parameters (incuding the period num-
ber , the thickness of each period and the ratio of
material pairs). Although the theoreticd re
flectance of the desgn method is very high, the
measured reflectance after depodtion is very low.
The rean is that flawsof the substrate and inter-
faces are not conddered, © the desgn cannot give
an exact anticipation of reflectance.
overoome the shortcoming,

In order to
a modified dedgn

method is proposed in which the roughness of the
substrate and interfaces is consdered in desgning
of a multi-layer mirror. Because of conddering the
roughness, appropriate scattering theory to de
<cribe norridea interfaces is needed. In our pro-
ject , D. Searns s scattering theory is used because
it is suitnble for the region of the shorter wave-
length in soft X-ray. A multi-layer mirror at the
wavelength of 1.03 nm in oft X-ray region is de-
posited inour project , whose peak reflectanceis re-
quired above 10 %. Applying the modified method ,
the caculated reflectance is badcaly ocondsent
with the measured reflectance.

2 Theory

2.1 Designing foundation of multi-layer mirrors

The recurgve formulafrom the theory of opti-
ca thin film is used in desgning multi-layer mir-
rors®. The optica constantsof B. L. Henke are
adopted to be the datain thispaper!”!.
the interference of thin film is the interference of

In generad ,

severa ray beams. Assumingthat r;and r;arethe
reflectance coefficientsof two interfacesin a sngle
film, regpectively , the total complex reflectance of
the sngle film system can be expressed by the fol-
lowing equation

ri+ roexp(29)

"1+ rirexp(2D) (1)
whered = It ndoost /A . Equation (1) is efective
to any-layer thin film and can a9 be adapted to
multi-layer mirrors. The total reflectance of a mul-
ti-layer filmswith N layers can be obtained through
using equation (1) repeatedly.

AtA =1.03 nmin ft X-ray region, the best
par of materia is Pt/ S, because it has a smooth
interface and a high optical contrast. Assuming
that the roughness of the substrate and interfaces
between thefilmsisequa to zero, the reflectanceis
calculated acoording to equation (1) and the results
are listed in Table 1.
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Tab.1 The designed results of Pt/ S multi-layer with an ideal interface
Materid ~ Waveength Incidence angle Period dp (NM) ds (nm) r
Pt/ S 1.03 nm 80.7 70 1.45 1.85 nm 40 %

Table 1 shows the assumed idea interface re-
sults From Table 1 we know that the peak re-
flectanceis 40 %. But snce thereis aflaw on the
substrate and interf aces between the films, the re-
sults cannot give the exact anticipation value of an
actual mutilayer mirror with roughness. In our fol-
lowing desgn, the efect of roughness based on the
scattering theory presented by Stearns is consd-
ered.

2.2 Sattering theory about non-ideal interface

In the scattering theory of D. Stearns'®! | the
interface profile function p ( z) for describing a
norridea interfaceis used. The p(z) isdefined as
the normalized average vaue of the dielectric func

€ (x)dxdy
p(z) = JT , (2
(si-sj)ﬂdxdy
{Ei Z >+ o
where € (x) =
€

According to Stearns' s scattering theory ,if r
and r° are the Fresnel reflectance coefficients of an
ideal and a non idead interface, regectively, then
the modified Fresnd formula can be expressed by

r=row(s) , (3)
where w(z) = dp(z)/ d(z). The Fourier trans
formof w(z) is w(s) , where s=4Tcsa/A .

tion along z direction.

Z -- ©©

3 Modified desgning method and re-
sult

The modified desgn method is that the effect
of the roughnesson the reflectance is consdered in
desgning multi-layer mirrors at A = 1.03 nm.
When recursgve formula (1) is applied, r; is re-
placed by coeficient r informula (3) . S the effect
of the roughness on the reflectance is expressed in

the form of interface profile function obtained from
Stearns results.

The impact of the roughness of the substrate
on the interface between films may be copied in the
coating process layer by layer or amplified/ re-
duced. The vaue of the interface roughness is
around the vaue of the substrate roughness,  the
value of the interface roughness is assumed to be
the same as the substrate roughness in the Pt/ S
multi-layer.

For the sake of realizing the aim of peak re-
flectance above 10 % atA =1.03 nm, the modified
method is used in the caculation processof a Pt/ S
multi-later mirror. For different roughness value,
formula (3) is substituted into formula (1) to do
recurgve calculation and then the reflectance is ob-
tained. In accordance with the calculation results,
Ro curves are plotted in Fg. 1 through Fg. 4.
From the figures the minimal value of the rough-
ness satifying the desgn requirement can be
found. In caculations, a mathematicad modd to
describe the nonideal interface is needed. We de-
<ribe the interfaces usgng four interface profile
functions introduced by Stearns scattering theory.
The four interface profile functionsof p(z) , and
their Fourier tranforms, w (s) , of their regpond-
ing derivatives are listed in Table 2.

WhenA =1.03 nm and the incidence angle is
80. 7°, calculations were made based on the mathe-
maticad modelsin Table 2 ,usng equation (1) and
Fresnd’ s modified fomula (3). The RO curves
figures 1 through 4 show the calculated results.

The horizontal axes in the figures show the
roughness and the verticad axes show the re
flectance. From the curves above , we can conclude
that the average roughness value should not exceed
0.6 nmin order to redize the aim in which the re-
flectance is higher than 10 %.
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Tab.2 Several usful profilesand functions p(z) and w(s)

Function types p(2) w(s)
: 2 2
Error function jﬁ“[ g /T RLEIE:
0
z< - &
Linear TiZindZ) <o Sn¢/an)
2 2728 J3os
. 2> 8
L guo z=<0
Exponentia 2 —L—
1+50%2
1- -Jz-e“"’ z2>0 °
0 z< - o
) | Sn(@ -T/2)  Sn(@ +11/2)
Snusoida U2+ 22/0 | z| </ 4[ g-T/2 T @+/2 J
1 z>f3b

4  Xperimenta results and conclu-
sons

The results above show that the substrate
roughness should be smaller than 0. 6 nm in order
to fabricate a multi-layer mirror whose reflectance
is greater than 10 %. S we usefused quartz asthe
substrate materia. The plane of the materid ispol-

ishedto 0.5 nm (rms) for its roughness. Pt/ S
multi-layer films are deposted on the polished
plane of the substrate.

The deposted multi-layer mirror was mea
sured with synchronization radiation equipment at
Beijing Ingtitute of High Energy. The measured
results are shown in Fgure 5.

Fig.5 shows that the peak reflectance is about
10% at A =1.03 nm. The result means that the
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Fig.5 Measurement curve of reflectance

desgn result of the modified method is cons stent
with the measurement result. In order to explain
the advantages of the modified method, we have
deposted a W/ S multi-layer mirror with a 1 nm
substrate usng the same method and measured its
reflectance with the same synchronization radiation
equipment. Although the theoretical reflectance is
38%, the measured peak reflectance is only 1.
7%. Sitisclear that the reflectance value of the
multi-layer mirror

desgned by the modified method is condstent with
the measured val ue.

The following conclusons can be deduced.
(1) In order to fabricate a multilayer mirror with
high reflectancein soft X-ray region, the roughness
should be smaller than a gecified vaue; (2) The
modified method isfeashle to seek for rms rough-
nessof the prescriptive value; (3) The method can
provide a right anticipation before depostion and
give a vauable reference for practical depostion.
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