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Abstract—Multilayer thin films with 2.3 nm-7.6 nm of d-spacing were deposited on fusion glass and float glass sub-
strates by magnetron sputtering. Multilayer thin film with a lower interface roughness was deposited at an abnormal
discharge region of I-V characteristic curve in DC glow discharge, compared to normal discharge region. Interface
roughness of periodical multilayer in general depends on layer thickness, but in this study interface roughness was con-
trolled by adjusting deposition conditions regardless of layer thickness. But interface roughness and X-ray reflectivity
(XRR) of multilayer react sensitively to surface roughness of substrate. Multilayer thin film with 2.3 nm d-spacing shoes
42% of characteristic X-ray reflectivity(Cu Ko, 4=~0.154 nm), while 3.6 nm d-spacing shows 80% of reflectivity. XRR,
transmission electron microscope (TEM) and atomic force microscopy (AFM) were used to analyze the interface

roughness (o), surface roughness and d-spacing.
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INTRODUCTION

A thin film in nm range thickness separated by layers with dif-
ferent atomic number (Z) is called a multilayer. Multilayer thin film
was used as an X-ray optics which can reflect hard X-ray. X-ray
energy can be artificially selected for properly designing and pro-
ducing materials with high atomic number (Z), such as W and Mo,
and materials with low atomic number (Z) [1-3]. This artificial
Bragg reflection has been used as an X-ray mirror in the whole in-
dustry such as in medicine and material research.

Unlike general optical microscopes, an X-ray microscope can
observe the inside of a material. The magnification of an X-ray micro-
scope is 300x to 10,000x which is between an optical microscope
and an electron microscope. Studies on X-ray focusing optics to
make an X-ray microscope using a monochromatic X-ray source
have been reported [4,5]. The use of a monochromatic X-ray source
offers the sensitivity to each chemical element which presents a unique
Xray attenuation coefficient.

Studies on X-ray optics were reported by using multilayer mir-
rors to increase detection limits of a specific element in X-ray fluo-
rescence (XRF) [6]. X-ray optics made from W/Si multilayer is used
as an optical system of Grazing incidence X-ray diffraction (GIXRD),
because it can analyze micro area or thin layer of the sample [7].

A monochromatic X-ray of a desirable wavelength was used for
the medical imaging system and the non-constructive analytical
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system [8]. When monochromatic X-ray is used in the medical
imaging system of angiography or mammography, clear image can
be obtained with less exposition to radiation. If X-ray image is photo-
graphed at low d-spacing of W/Si and W/B4C multilayer, equal
contrast can be obtained irrespective of the thickness of subject.

A multilayer also has been widely used in studies on universe
X-ray detection. In the past, universe has been observed at a visi-
ble ray region but studies of analyzing images with X-ray and )
ray have started. Studies on the multilayer have been reported for
the analysis of energies of 100 keV or higher [9,10].

Interfacial condition of multilayer is very important to decide
the performance of the mirror. Non ideal interfaces reduce the reflec-
tivity. Interface quality is usually determined by the magnitude and
lateral character of the interfacial roughness (standard deviation of
the interface height), vertical correlation of the roughness for dif-
ferent interface, the thickness of individual layer, and the extent of
intermixed layer thickness and its composition. The interfacial char-
acteristics of thin multilayer are the basis of the research of X-ray
mirror.

The factors affecting interface structure of multilayer are num-
ber of bilayer, value of thickness of period, / ratio, the bilayer period
length, and deposition method and deposition parameter. The effect
of deposition parameters on the interface structure in W/Si and
Mo/Si has already been extensively studied and reported by vari-
ous investigators [11-13].

Deposition parameters were decided to explore the effect of inter-
facial structure on the multilayer manufacturing. Multilayer with
d-spacing of 10nm or lower by magnetron sputter were synthe-
sized, and Cu characteristics X-ray (CuKeg, A=~0.154nm) were
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used to analyze a multilayer structure and X-ray reflection features.
EXPERIMENTS

1. Multilayer Design

An X-ray mirror can be formed by fabricating a multilayer sys-
tem consisting of layers of different index of refraction. Bragg’s law
(nA=2dsin6) is valid between multilayer thickness and an X-ray
incident angle. The Bragg equation is changed to compensate for
the refraction in the layers [14]

] 5 45d;
nA=2d,sind {1- 2‘3 2dMsin6{1— . ’2”] (1)
sin” @ nA

with the order n, the wavelength 4, the period d,, of the multilayer
system, the angle of incidence @and the real part & of the period-
averaged index of refraction of the multi layer system.

This effect was not considered in the experiments, because the
effect of refraction at Bragg equation could be compensated by con-
trolling the incident angle in case of selecting hard X-ray energy.
D-spacing was designed to reflect a hard X-ray with reflection energy
of 20-60keV in the range of an incident angle between 0.2° and
0.4°. Reflected energies in accordance with incident angle and d-
spacing calculated by Bragg equation are listed in Table 1. In med-
ical imaging system, 50 keV is used in CT, 35 keV is used in angi-
ography, and 18.5keV is used in mammography. The energy dif-
ference of 1-2 keV can be adjusted by changing the incident angle.
2. Sample Preparation

A magnetron sputter with physical vapor deposition (PVD) using
plasma was used for multilayer deposition. The installed target
was the 600 mmx110 mmx6 mmT planar target and the distance
between a target and a substrate was 40 mm. Purity of W, Si, SiC
and B4C was 99.95%, 99.999%, 99.5% and 99.5%, respectively. The
BAC target, a non-conductive material, used RF power and the tar-
get of the rest of conductive materials used DC power.

After lowering the chamber’ base pressure up to 2.0x10” Torr, Ar
gas was inserted up to 1-3x10° Torr. 100-2,000 W DC or RF power
was supplied and glass substrates shuttled between the W target
and the Si (B4C) target for multilayer deposition of 10-60 layers.

A deposition rate was chosen to maintain a ratio of a low atomic
number (Z) material to bilayer thickness determined by a multi-
layer design (Gamma (/") Ratio) between 0.4 and 0.6.

_Si, B4C Thickness

Ratio = 222 1 UCKNESS
Gamma(/)Ratio Bilayer Thickness

)

Table 1. Reflected energies (keV) in accordance with incident angle
(degree) and d-spacing (nm) calculated by Bragg equation

d-Spacing (nm)

Incident = T2 20" 68 139 35 | 355 235
angle (°)
Reflected energy (keV)
02 24 | 25 25 26 46 47 50 76
025 19 20 20 21 | 36 37 40 60
03 6 16 17 17 30 31 33 50
035 14 14 14 15 26 27 29 43
0.4 1212 13 13 23 23 25 38

In addition, the substrate moving speed should increase for de-
position of thin layers of several nanometers in high power. How-
ever, it was hard to decrease thickness by only increasing the sub-
strate moving speed. Therefore, a deposition rate was adjusted by
installing a mask, an assistance device, between a target and a sub-
strate. Deposition rates of W, Si and B4C were 2.5-3.5 nm/sec, 0.6-
1.2 nm/sec and 0.8 nm/sec, respectively.

3. X-ray Reflectivity (XRR) Analysis

XRR analysis was used to determine d-spacing, interface, sur-
face roughness and Cu characteristics X-ray (Cu Ko, A=~0.154
nm) reflectivity of a multilayer made. Cu was used as an anode mate-
rial of an X-ray tube. Omega-2theta scan (Specular Scan) between
0 and 6° was conducted in the range of a scan step of 0.002°-0.006
and of each steps time of 2-6 seconds. The fringe period of the reflec-
tivity pattern changed depending on total thickness of a sample.
The current and voltage used were 25 mA and 40 kV. Measure-
ment errors due to X-ray beam divergence were minimized using
0.1 mm divergence slit and 0.2 mm receiving slit.

Parratt32 [15] using the Parratt recursion method was used for
curve fitting of the XRR measurement result.

Reflectivity of a sample with n thin layers can be obtained by
the Parratt recursion method. Total reflectivity er,l in the j—1 inter-
face and j interface for arbitrary layer j are related to rf and F.,
[16,17].

r F_+ r.FeXp(—iq-t.)
rj == &)
1+F,_ 1, exp(-iq;t)

r/ is defined as a ratio of a reflected X-ray to an incident X-ray.
And r; is called as “a total reflection coefficient in interface j> A
boundary condition of Eq. (3) can be obtained from interface n
with r,=F,. Therefore, reflectivity of each layer from j=n to r; can
be calculated by recursion method of Eq. (3). When measuring
XRR, X-ray intensity measured by detector can be calculated by
Rf=|rg|.

However, the mean vertical electron density profile of a sample,
which has a non-ideal interface with actual roughness, can be mod-
eled by error function and the Névot-Croce roughness [18]. There-
fore, rJF in Eq. (3) can be replaced by rj»v’c [17,19].

rJI-\FC = erexp(f 2 o;-z kéfjf] ) (4)

Cu characteristic X-ray (Cu Koy, A=~0.154 nm) reflectivity of a
sample was calculated by dividing photon count (R) of X-rays,
reflected by 1 Bragg reflection, by photon count (RO) of incident
X-rays.

Reflectivity = REO (5)

R is the photon count of the 1% peak of XRR measurement raw
data and RO is the photon count measured by an XRR detector in
the absence of specimen.

At the low angle of XRR measurement the raw data and curve
fit data were not coincident. The area of the sample at the low angle
was so small that the incident X-ray could not be reflected. To reduce
the X-ray loss at low angle, the sample size should be increased in-
finitely. The data before critical angle were not related to this exper-
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imental scope, so the data were not used.

A cross sectional image of a multilayer produced using TEM
was taken and the result was compared with the XRR measure-
ment result.

4. Changes in Substrate Roughness

The effects of substrate roughness on multilayer interface char-
acteristics and X-ray reflectivity were investigated. Multilayers were
deposited on fusion glass 0.5 mmT, fusion glass 0.7 mmT and float
glass 1.1 mmT with different surface roughness under the same
process condition. The surface roughness of fusion glass is lower
than the float glass. The surface roughness of substrate was meas-
ured with the non-contact mode of AFM, and was scanned on 10
umx 10 pm area.

The W/Si multilayer was deposited on three kinds of substrate

Table 2. Different deposition conditions of various samples

to 60 layers with d-spacing of 2.3 nm. Samples were classified into
WS230(60)-Fusion 0.5T, WS230(60)-Fusion 0.7T and WS230(60)-
Float 1.1T.
5. Comparison of Normal Glow and Abnormal Glow

DC glow discharge has a normal glow region where the current
increases and the voltage does not increase as power increases. It
has an abnormal glow region where both the current and the volt-
age increase as power increases [20]. In the normal glow region, a
deposition rate is low so that the deposition number is increased
to set desirable d-spacing. In the abnormal glow region, a deposi-
tion rate is high so that a mask is used to decrease a deposition
rate in order to make a sample with desirable d-spacing. The 7.5 nm
d-spacing and 3.55 nm d-spacing samples were deposited in the
normal and abnormal glow region to compare an interface status.

Sample name

Purpose of test

Different conditions

WS355(25) W/Si 3.55 nm N=25
WS355(20) W/Si 3.35 nm N=20

WS750(10)A W/Si 7.5 nm N=10
WS750(10)B W/Si 7.5 nm N=10

Comparison of normal glow
and abnormal glow

Sputter power
(current, voltage)
Scan speed

Scan pass

WSC235(60)-Fusion 0.5T W/SiC2.35 nm N=60
WSC235(60)-Fusion 0.7T W/SiC2.35 nm N=60
WSC235(60)-Float 1.1T W/SiC2.35 nm N=60

Comparison of the effect of
substrate surface roughness

Surface roughness of substrate

WS390(20), WS380(20), WS355(20)

Comparison of d-spacing
(bilayer thickness)

Deposition rate control using
mask width

WB355(30) W/B4C3.55 nm N=30
WB355(60) W/B4C3.55 nm N=60

Sample preparation for
maximum reflectivity

Optimized sample preparation

Table 3. Recipe of DC sputter process for fabrication of multilayer thin film

Sample name Material Power Process pressure DC current DC voltage Ar Carrier speed Pass Mask size

p (KW) (mTorr) (A) V) (sccm) (cm/min) (mm)
WS355(25) W DC1.0 3.0 3.46 288 72.7 590 1 X
W/Si 3.55 nm N=25 Si DC2.0 3.0 426 470 63.6 380 1 X
WS355(20) W DC2.0 3.0 5.8 344 70.5 310 1 40%110
W/Si 3.35 nm N=20 Si DC2.0 3.0 422 475 65.6 295 1 110*110
WS750(10)A W DCO.1 3.0 0.34 287 71.8 800 22 X
W/Si7.5nm N=10 Si DCO.1 3.0 0.28 352 64.3 800 30 X
WS750(10)B W DC2.0 1.0 5.68 352 25.1 500 1 X
W/Si 7.5nm N=10 Si DC2.0 1.0 3.08 348 224 100 1 X
WSC235(60)-Fusion 0.5T W DC2 3.0 6.5 308 70.2 290 1 20%144
W/SiC2.35 nm N=60 SiC DC2 3.0 572 349 66.9 260 1 70%144
WS390(20) W DC2 3.0 592 338 716 300 1 (101'1600)
WS380(20) 0
WS355(20) Si DC2 3.0 6.32 317 66.8 295 1 ( « 1'10 )
WSC235(60)-Fusion 0.7T W DC2 3.0 6.6 303 66.9 290 1 20%144
WSC235(60)-Float 1.1T

SiC DC2 3.0 598 335 64.5 260 1 70%144

W/SiC 2.35 nm N=60

October, 2015
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Table 4. Recipe of DC and RF sputter process for fabrication of multilayer thin film

Process DCcurrent (A)  DC voltage (V) Carrier Mask
Sample Material ower ressure speed Pass size
name (KW) p RF power RF power (sccm) P :

(mTorr) forward (W) reflect (W) (cm/min) (mm)
WB355(30) W DC2.0 3.0 5.96 322 71.1 400 1 40*144
W/B4C3.55nm N=30  B4C RF2.0 10.0 1963 39 2524 20 1 70%144
WB355(60) w DC2.0 3.0 6.3 317 765 400 1 40%144
W/B4C3.55nm N=60  B4C RF2.0 10.0 1969 35 265.8 20 1 70%144

(a) fusion glass

(b) float glass

Fig. 1. Surface roughness morphology of substrate: (a) fusion glass with Rms=0.67 nm, (b) float glass with Rms=1.1 nm.

Samples WS750(10)A and WS355(25) were deposited in the nor-
mal glow region, and WS750(10)B and WS355(20) were depos-
ited in the abnormal glow region.
6. Changes in d-Spacing

We changed the mask width to make a sample whose d-spac-
ing was changed under the same sputter process condition (W Mask
width: 70 mm-60 mm, Si Mask width: 40 mm-35 mm). The sub-
strate moving speed was set as 0.05 m/s for W and 0.049 m/s for
Si to make sample WS390(20), WS380(20) and WS355(20) of d-
spacing of 3.9-3.55nm. A sample was produced under the same
process condition.
7. Hard X-ray Mirror Production

A multilayer with d-spacing of 3.55 nm was produced to reflect
40 keV X-rays at an incident angle of 0.25° and 50 keV X-rays at
an incident angle of 0.20° on fusion glass 0.5 mmT substrates. Sam-
ples WB355(30) and WB355(60) had a bilayer of 30 and 60 layers,
respectively. Deposition conditions of samples are listed in Table 2.
The conditions of DC sputter process for fabrication of multilayer
thin film are listed in Table 3. The recipe of DC and RF sputter
process is listed in Table 4.

RESULTS AND DISCUSSION

1. Roughness of Substrate

In the result of substrate analysis by atomic force microscopy
(AFM), surface roughness of fusion glass 0.5 mmT, fusion glass 0.7
mmT and float glass 1.1 mmT was Rms 0.67 nm, Rms 0.82 nm and
Rms 1.1 nm, respectively. The surface of float glass was rougher

than that of fusion glass. The morphology (surface shape) of fusion
glass 0.5 mmT and float glass 1.1 mmT is shown in Fig. 1.

The result of XRR measurement and analysis after repeated de-
position for 60 layers with d-spacing of 2.35 nm on three substrates
with different roughness is shown in Fig. 2 and Table 5. Three sub-
strates were fusion glass 0.5 mmT' (Rms roughness=0.67 nm), fusion
glass 0.7 mmT (Rms roughness=0.82 nm) and float glass 1.1 mmT

1.00E-01
1.00E-03
1.00E-05
53 —— WS230(60)
- 3
i 1.00E-07 _?:'srnfenF?tlass 0.5mmT
& 1.00E-09 —— WS230(60)

Fusion Glass 0.7mmT

1.00E-11 — Curve Fit

—WS230(60)

Float Glass 1.1mmT
—— Curve Fit

1.00E-13

1.00E-15

0 1 2 3

Incidence angle(degree)

Fig. 2. Grazing incidence X-ray reflectivity of samples WS230(60)
deposited on fusion glass 0.5 mmT, fusion glass 0.7 mmT and
float glass 1.1 mmT substrate (black line) and optimum curve
fitting simulations (gray line) (the parameters of the simu-
lations are listed in Table 4).
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Table 5. Parameters for simulations of the X-ray reflectivity from Samples WS230(60) deposited on fusion glass 0.5 mmT, fusion glass
0.7 mmT and float glass 1.1 mmT substrate as shown in Fig. 2 (parameters were obtained by Parratt32 software[16])

Glass Repetition ~ d-Spacing ~ Gamma  Surface Roughness and interface widths (o) (nm) Reflectivity of
N) (nm) () Surface  SionW  WonSi Substrate 1 Bragg Peak (%)

Fusion 0.5 mmT 60 2.3 0.50 0.45 0.39 0.20 41.7

Fusion 0.7 mmT 60 2.2 0.45 0.53 0.65 0.12 103

Float 1.1 mmT 60 2.2 0.45 0.85 0.75 0.2 19

(Rms roughness=1.1 nm). Besides substrate roughness, interface
and surface roughness of WS235(60) using fusion glass 0.5 mmT
as a substrate was 0.2-0.5 nm. Interface and surface roughness of
WS235(60) using fusion glass 0.7 mmT as a substrate was 0.5-0.9
nm. Interface and surface roughness of WS235(60) using float glass
L.1mmT as a substrate was 0.7-0.9 nm. Therefore, a multilayer
deposited on rougher substrate has rougher interface and surface.

In WS235(60) using fusion glass 0.5 mmT, fusion glass 0.7 mmT
and float glass 1.1 mmT as substrates, Cu characteristic X-ray reflec-
tivity was 41.7%, 10.3% and 1.9%, respectively. It was confirmed
that substrate roughness highly affected interface roughness and
X-ray reflectivity of a multilayer.

When a multilayer deposited on a float glass substrate in thick-
ness of 3 mm regardless of a material type was deposited, inter-
face roughness was 900 nm. When Si wafer was used as a substrate,
the interface roughness was 0.23-0.25 nm [9].

When a periodical multilayer was deposited on the substrate
with non-ideal surface roughness, interface roughness became severe
with the increase of deposition because of roughness replication
[21,22]. In this study interface and surface roughness of periodical
multilayer was controlled by adjusting deposition conditions.

2. Effect of the Sputtering Conditions

In the result of XRR measurement and curve fitting shown in
Fig. 3, the 3" Bragg peak did not accord with curve fitting data in
case of WS355(25) because one model was used for simulation dur-
ing curve fitting. Therefore, a difference in interface roughness be-

(a) WS355(20)

L00E-02 Y

Vgl |
1.00E-03 - T K
LOOE-04 -+ L

L00E-05
100E-06 ‘\"b \
L00E-07 W“"ﬁ'ﬁl .
1.00E-08 s
1.00E-09 —WS355(20)

lh -—--—'“_ |
g I
LOCE-10 ! lll%w {\ |
Hlgft] —Cone

100E+00 -
100E-01 + \.\ ;\

{ ‘\K ——WS355(25)

—— Curve Fit

Reflectivity

LO0E-11 -
100E-12
100E-13 -

Fig. 3. Grazing incidence X-ray reflectivity of samples WS355(25)
and WS335(20) (black line) and optimum curve fitting sim-
ulation (gray line) (the parameters of the simulations are
listed in Table 5).

tween next above substrates and on a layer close to the surface was
not reflected as shown in Fig. 4(b). On the other hand, interface
roughness next above substrates and on a layer close to the sur-
face was similar in case of WS355(20) as shown in Fig. 4(a). The
XRR measurement result accorded with data of one model simu-
lation.

(b) WS355(25)

Fig. 4. Cross sectional TEM image of sample (a) WS355(20) deposited in the condition of abnormal glow, (b) WS355(25) deposited in the
condition of normal glow in DC glow discharge (300 k xZoom).
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1.00E+00

1.00E-02
1.00E-04
£ 100E-06
% ——WS5750(10)A
E 1.00E-08 ——Curve Fit
——WS750(10)B
—— Curve Fit

1.00E-10

1.00E-12

1.00E-14

Fig. 5. Grazing incidence X-ray reflectivity of sample WS750(10)A
and WS750(10)B (black line) and optimum curve fitting sim-
ulation (gray line) (the parameters of the simulations are
listed in Table 5).

The result of XRR measurement and curve fitting for WS750(10)A
and WS750(10)B is shown in Fig. 5. In WS750(10)A, reflectivity
dramatically decreased as the incident angle was increasing. When
the incident angle was more than 2°, a Bragg peak was not observed.
On the other hand, a Bragg peak was found in case of WS750(10)B
even when the incident angle was more than 3°.

In the simulation result of WS355(25) and WS750(10)A, inter-
face roughness (o) of 0.7-1.0 nm was confirmed. Interface rough-
ness of 0.3-0.6 nm was identified for WS335(20) and WS750(10)B.
Parameter values used for simulation are summarized in Table 6.

TEM images were used to confirm the results. TEM images of
WS335(20) and WS750(10)B shown in Fig. 4(a) and Fig. 6(a) were
not rougher than that of WS355(25) and WS750(10)A shown in
Fig. 4(b) and Fig 6(b). Interface roughness was not increasing as
the number of a bilayer from substrates was growing,

This result was because WS750(10)A and WS355(25) process
were included in the normal glow discharge region in the I-V char-
acteristics curve of DC glow discharge where the current increases
and the voltage do not increase as power is increasing. The pro-
cess condition of WS750(10)B and WS335(20) was included in the
abnormal glow region where both the current and the voltage in-
crease as power is increasing.

In the result of XRR and TEM analysis, interface roughness (o)
was increasing when a thin film multilayer was produced in the
normal glow region.

3. Effect of the d-Spacing

The result of XRR measurement and curve fitting of WS390(20),
WS$380(20) and WS355(20) with varying d-spacing under the same
process condition is shown in Fig, 7. Parameter values used for curve
fitting are presented in Table 7. In the result of curve fitting, d-spac-
ing was changed to 3.9 nm, 3.8 nm and 3.6 nm. Interface roughness
was in the range of 0.3-0.6 nm, which was similar to WS720(10),

Table 6. Parameters for simulations of the X-ray reflectivity from samples WS355(25) and WS355(20) as shown in Fig. 3 and WS750(10)A
and WS750(10)B as shown in Fig. 5 (parameters were obtained by Parratt32 software[16])

Deposition Repetition d-Spacing ~ Gamma Surface Roughness and interface widths (o) (nm)

conditions (N) (nm) () Surface Sion W W on Si Substrate
WS355(25) Normal glow 25 3.62 0.64 1 0.7 1 0.5
WS355(20) Abnormal glow 20 3.39 0.42 0.58 0.5 0.37 0.62
WS750(10)A Normal glow 10 7.37 0.51 0.90 0.76 0.85 0.1
WS750(10)B Abnormal glow 10 7.46 0.49 0.50 0.61 0.52 0.5

(a) WS750(10)B

(b) WS750(10)A

Fig. 6. Cross sectional TEM image of samples (a) WS750(10)B and (b) WS750(10)A deposited in the condition of (a) abnormal glow and (b)

normal glow in DC glow discharge.
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1.00€-15 -
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Fig. 7. Grazing incidence X-ray reflectivity of samples WS390(20),
'WS380(20) and WS355(20) (black line) and optimum curve
fitting simulations (gray line) (the parameters of the simu-
lations are listed in Table 6).

WS700(10), and WS680(10).

In reflectivity of the 1" Bragg peak, Cu characteristic X-ray reflec-
tivity decreased by 25.92% as d-spacing diminished by 0.34 nm.
The X-ray scattering rate increased due to roughness since d-spac-
ing had decreased with same interface roughness.

According to the existing studies on interface characteristics of
an Mo/Si multilayer, interface roughness changed depending on
the deposition order during multilayer deposition. Roughness of
Si deposition on Mo was lower than that of Mo deposition of Si
[23-26]. However, in Tables 5, 6 and 7, similar roughness is shown
in any interface regardless of W and Si deposition order. In addi-
tion, increase and decrease in multilayer interface roughness due
to changes in d-spacing under the same sputter process condition
were not observed.

Therefore, it was confirmed that surface and interface rough-
ness during multilayer manufacture using a sputter was determined
by deposition conditions but not layer thickness. Although layer

LO0E+00
1.00E-01 -+
100E-02
1.00E-03
100E-04

1.00€-05
—— WB355(30)

Reflectivity

100E-06

Fit
100E-07 4 Curve Fit

—— WB355(60)
1.00E-08

100E-09 — Curve Fit

100E-10 -

Incidence angle(degree)

Fig. 8. Grazing incidence X-ray reflectivity of samples WB355(30)
and WB355(60) to reflect 40, 50 keV hard X-ray (black line)
and optimum curve fitting simulations (gray line) (the par-
ameters of the simulations are listed in Table 7).

thickness decreased under the same process condition, similar inter-
face and surface roughness was maintained. It was confirmed that
reflectivity decreased as an incident angle increased to reflect the
same energy.

In this result, interface roughness of a multilayer was confirmed
as an independent variable for d-spacing and this result accords
with the previous study. Jensen et al. [9] deposited and analyzed
the WC/SiC multilayer on a wafer substrate with 2-10 nm d-spacing,
4. Hard X-ray Mirror Production

A 355 nm d-spacing multilayer was designed to reflect hard X-
rays of 40keV and 50 keV at an incident angle of 0.25° and 0.20°,
respectively. XRR graphs of two samples are shown in Fig. 8 and
the result of curve fitting is summarized in Table 8. Interface rough-
ness of two samples was 0.3-0.5nm and Cu characteristic X-ray
(Cu Koy A=~0.154 nm) reflectivity of WB355(30) and WB355(60)
was 56.7% and 79.6%, respectively. The result of interface rough-
ness was comparable to the study conducted by Paul and Lodha
[27] that showed 0.35-0.43 nm interface roughness with a Pt/C mul-
tilayer deposited on a float glass substrate. It was a little higher than

Table 7. Parameters for simulations of the X-ray reflectivity from samples WS390(20), WS380(20) and WS355(20) as shown in Fig. 7 (parame-

ters were obtained by Parratt32 software[16])

Repetition d-Spacing ~ Gamma Surface Roughness and interface widths (o) (nm) Reflectivity of
(N) (nm) () Surface ~ SionW ~ WonSi  Substrate 1" Bragg Peak (%)
'WS390(20) 20 391 0.39 0.37 0.44 0.58 0.50 73.73
WS380(20) 20 3.78 0.37 0.37 0.54 0.58 0.50 53.33
WS355(20) 20 3.57 0.34 0.37 0.54 0.58 0.4 47.81

Table 8. Parameters for simulations of the X-ray reflectivity from samples WB355(30) and WB355(60) to reflect 40, 50 keV hard X-ray as
shown in Fig. 8 (parameters were obtained by Parratt32 software[16])

Repetition d-Spacing Gamma Surface Roughness and interface widths (o) (nm) Reflectivity of
N) (nm) () Surface Sion W W on Si Substrate 1 Bragg Peak (%)
WB355(30) 30 3.57 0.48 0.50 0.35 0.42 0.44 56.71
WB355(60) 60 3.55 0.48 0.34 0.34 0.40 0.52 79.59
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(a) WB355(30)

(b) WB355(60)

Fig. 9. Cross sectional TEM image of samples (a) WB355(30) and (b) WB355(60) to reflect 40 keV hard X-ray at 0.25 degree incident angle

and 50 keV hard X-ray at 0.20 degree incident angle.

the study conducted by Windt et al. [28] that showed 0.23 nm inter-
face roughness with a W/SiC multilayer deposited on a Si wafer. It
may be caused by a difference between a Si wafer and a glass sub-
strate.

Cross sectional TEM images of WB355(30) and WB355(60) are
shown in Fig. 9. In two cross sectional TEM images, a clean inter-
face is confirmed.

CONCLUSION

Interface roughness should be low in order to produce an excel-
lent multilayer. When deposited on a substrate with same surface
roughness under the same process condition, interface roughness
was maintained regardless of a material type deposited and bilayer
thickness.

When a deposition rate was reduced by lowering power to make
a thin film in nm range thickness, sputtering appeared in the nor-
mal glow region so that interface roughness of a multilayer pro-
duced in this region was high. When samples were deposited in
the abnormal glow region of DC glow discharge with power increase,
a multilayer with excellent interface characteristics with low inter-
face roughness was made.

Interface roughness increased and X-ray reflectivity decreased
dramatically as substrate roughness was growing under the same
material and process condition. Therefore, a substrate with low sur-
face roughness should be used to make a multilayer with excellent
interface characteristics. Low reflectivity could be improved by in-
creasing the number of bilayers.

Cu characteristic X-ray (Cu Koy 41=~0.154 nm) reflectivity was
79.6% in a 60-layer multilayer with d-spacing of 3.55 nm and 41.7%
in a 60-layer bilayer of 2.3 nm. These multilayers can reflect hard
X-rays of 20-60 keV at 0.25-0.45° incident angle.
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