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The soft x-ray reflectivity of multilayer films is affected by the surface roughness on the transverse
nanometer scale. Scanning tunneling microsc¢f¥M) is an ideal instrument for providing
high-lateral-resolution roughness measurements for soft x-ray multilayer films that cannot be
obtained with other types of instruments on the transverse nanometer scale. The surface roughnesses
of Mo/Si, Mo/C, and W/Si soft x-ray multilayer films prepared by an ion-beam-sputtering technique
were measured with a STM on the vertical and transverse attributes. The film roughnesses and
average spatial wavelengths added to the substrates depend on the multilayer film fabrication
conditions, i.e., material combinations, number of layers, and individual layer thickness. These were
estimated to lead to a loss of specular reflectivity and variations of the soft x-ray scattering angle
distribution. This method points the way to further studies of soft x-ray multilayer film functional
properties and can be used as basic guidance for selecting the best coating conditions in the
fabrications of soft x-ray multilayer films. €996 American Vacuum Society.

[. INTRODUCTION which one uses a STM to measure the surface roughness of
X-ray optics. In this article, surface roughnesses of Mo/Si,

netic wavelengths approximately from 1 to 30 nm, corre—_MO/ C, and W/Si S‘.Oft x-ray multilayer films prepare_d with the

sponding to photon energies from 40 eV to 1.2 keV. Softlon-begm—sputterlng technique were .measured with aSTM 0
x-ray multilayer films are being made for critical applica- dzzer?mehthes_rougfhnesz and spatial h\{viveriength th% films
tions such as high-reflection cavity mirrors for the experi-a ed to the Si wafer substrates on which they were depos-

ments of soft x-ray laser double-pass amplificafigriFor ited. The goal of this article is to present a method to evalu-
soft x-ray multilayer structures, it is well known that two

ate the performance of soft x-ray multilayer films from both
important factors affect the performantspecular reflectiv- vertical and traverse attributes with STM, which can be used
ity). One is the surface and interfacial roughness and th

s basic guidance for selecting the best coating conditions in
other is the transverse attribute of individual films. There is

the fabrication of soft x-ray multilayer films.
also an increasing interest in understanding roughness as an
intrinsic dynamic behavior of growing surfaces and inter-
faces, with emphasis on soft x-ray multilayer structures. 1l. SURFACE ROUGHNESS AND REFLECTANCE
Surface roughness can be measured with visible-light L . .
scattering instruments, optical interferometers, and mechanj- Characterization of optical surfaces frequently involves

cal stylus instruments, with the best vertical sensitivity of0.1the power sp_aual density f“r_‘C“O”’ often called the power
spectral densitfPSD). If z(x) is the surface roughness de-

nm. But it is difficult to measure surface roughness on &t~ . ) .
transverse scale of less than 100 nm with these method iation as a function of distance the Fourier transform of

Scanning tunneling microscog$TM) is a powerful supple- the dgviationz(x) from its mean surfgce level defines the
ment which can be used to measure surface roughness Wiﬂpe-dmensmnal power spectral density

0.1 nm resolution on the transverse nanometer scale. Re- 2] (L 2

cently, STM (including atomic force microscopyas used PSOfsp = lim J’ z(x)exd —i(2mfspx)1dx . (1)

to investigate x-ray optick:® Most of this previous work Lo °

was intended to prove good correlation between the STMvhereL is the length of scansfg, is the surface spatial

results and direct x-ray measurements. This is the basis witfiequency,fs,=1/\g,, Wherehg, is the surface spatial wave-

Soft x-ray regions usually cover a range of electromag

42 J. Vac. Sci. Technol. B 14(1), Jan/Feb 1996 0734-211X/96/14(1)/42/6/$10.00 ©1996 American Vacuum Society 42
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43 Yu et al.: Surface roughness characterization 43
length. All statistical properties of the surface finish can bewhere only the first diffracted order needs to be considered if

obtained from the PS@y) of z(x). The rms surface rough- the roughness amplitude is much less than the light wave-
ness is given by length 2

o2 fxpsufsp)dfsp. 2 N=\gSiN B Sin ), @
0

From the height deviations(x,y) of the actual surface of a Where\, is the groove spacin(surface spatial wavelength
mirror from its perfect shape, one obtains the three-and 6, is the angle of diffraction(scattering angle The

dimensional rms roughness shortest spatial wavelength occurs when &jsr1 or
04=90°. It is equal to the light wavelength 1-30 nm for
< 5 soft x rays. So the measuring instruments wit®.1 nm
S rms= \/S f LZ (x,y)dx dy ®) vertical sensitivity on the nanometer scélensverse direc-
) ) tion) should be used for evaluating the soft x-ray multilayer
and the three-dimensional rms slope films.
1
SAq= \/gf fIVZ(x,y)IZdX dy, 4
s
I1l. STM MEASUREMENT CONDITIONS
whereS is the area of the scans, and the rms slope is usually . _ _ _ _
considered to be in a specific direction, thexis ory axis The soft x-ray multilayer films were investigated with our
direction. From Egs.(3) and (4), one obtains the three- roughness software system based on a STM developed in the
dimensional rms surface wavelengdh,, as Beijing Laboratory of Electron Microscopy. Electrochemi-

cally etched Pt—Ir tips used in this study were characterized
to an apex diameter of0.1 um measured on the scanning
electron microscop€SEM) photographs. Note that the in-

trinsic microscopic structure of the tip is not yet known; the

In the;e factors, the surface roughness Stfo,”g'y affects heraction of a probe tip and a substrate surface is complex.
reflectivity because the reduction of reflectivity is_propor- oo in electron tunneling, short-range forces are primarily

tional to the exponent of the squared rms roughne$s as sensitive to the atomic structure of the tip apex and the

sample surface in a volume of atomic dimensidrghese
: (6)  suggest that the effective apex diameter of the tip is smaller

than the nominal value-0.1 um. STM offers much higher
whereR; is the surface specular reflectan&®, is the total performance than the traditional contact-stylus profilometer
reflectance Ry=Rs+ Ry, Ry is the diffuse reflectance, and mainly because it has significantly effective sharper probe
6, is the angle of incident of light on the surface. For ex-tips, although a shovel-shaped stylus with a sharp dimension
ample, ifA=2.362 nm(O K« line), 6,=0°, R/Ry=20%,0  of ~0.2 um is also available for the stylus instruméfiThe
should be less than 0.24 nm. On the other hand, the surfacirface topographic maps were made at a tunnel current of 2
transverse attribute affects the scattering angle distribution. hA and bias voltage of 50 mV in a raster scan area 95
can be calculated from the diffraction grating equation,nmx95 nm.

S\g=2m (5

Srms
SAq )

A

4o CcOS 00)2

Rs=Rg ex;{ -

TaBLE |. Design parameters and fabrication conditions of various Mo/Si, W/Si, and Mo/C multilayer films.

Individual layer

thickness ) )
Work Intensity Accelerating
Material Number of dy d. pressure of ion beam voltage
combinations Substrate layers (nm) (nm) (Pa (mA/cn?) V)
Mo/Si Si 31 4.61 8.01 1.2x10°3 0.9 900
(Mo on top (dwo) (ds))
Mo/Si Si 61 4.30 5.00 2.8x10°° 0.9 900
(Mo on top (dyo) (ds)
W/Si Si 121 0.80 1.70 4.2x10°? 0.9 900
(W on top (dw) (ds)
W/Si Si 61 0.80 1.70 4.2x10°? 0.9 900
(W on top (dw) (ds)
Mo/C Si 34 2.62 3.76 1.4x1073 1.0 900
(C on top (dmo) (do)
Mo/C Si 45 2.62 3.76 1.4x1073 1.0 900
(Mo on top (dmo) (do)
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44 Yu et al.: Surface roughness characterization 44

Sample: h8-11 Tine : 15:06 Date : 02/19.93
Snns:asolnn SPJJ:Zzlnu] SRms @ 0.75 nm SP-U : 3.52 nm
SRa: 0.40 nm SURFACE S A q: 7-89 nm SRa f 0.62 nn SURFACE Sha : 8.72 nM
SAa:0.28 nm Slo: 1.11 nm saa i 0.41 Sto i 1.08

Saq 0.54 Sha : 9.46 nM
SAQ:0.46 nm S2Aa:9.82nm

J“_LJII'IIILJ[III'IIII'II|||

o 19,0 38.0 57.0 76.0 95.0

Distance ¢ nanometers )

Fic. 2. A 3D STM plot of Mo/Si 31 layer flmgMo on top of a 0.75 nm
rms roughness area over a 95 {86 nm area.

Distance ( nanometer )

was believed that the roughness at the single layer Mo film,
Fic. 1. A 3D STM plot of the Si wafer substrate on which 4-nm-thick 4 nm thick, was exactly reproduced from the substrate. The
molybdenum film was sputtered; 0.5 nm rms roughness; the area is 8§ingle molybdenum film can be sputtered uniformly with the
nm>80 nm. IBS 60 system. Figure 1 shows a three-dimensioi3a)

STM plot of the Si wafer substrate adjacent to the above-

mentioned multilayer films, 0.50 nm rms, 80 W80 nm
IV. MULTILAYER FILMS AND SURFACE scan area. The obvious scratch structure on the surface was
MEASUREMENTS avoided and quite uniform. Figures 2—7 are 3D STM plots of
the six multilayer films in Table I. The surface of Mo/&1

For this study multilayer films of three pairs of different ayers, W/Si (121 layers, W/Si (61 layers, and Mo/C (34

materials, i.e., Mo/Si, Mo/C, and W/Si, were deposited at th ayers films (Figs. 2, 4. 5. and 6, respectivelgre quite

ion- - ingIB i f - . . . )
lon-beam-spuiteringIBS) 60 system onto Si watfer sub Ltmn‘orm as well as is the Si wafer substrate. The M

strates. Argon ions produced in a Kaufman ion gun chamb ) .
were accelerated and the argon ion flow rate was controlleelfyers) and Mo/C(45 layers films (Figs. 3 and y have ob-

by a mass flowmeter. The acceleration voltageand ion vious streak features. For Mo/Si and Mo/C films, it seems
current densityp could be regulated continuously and uni- clear that the topographic differences are caused by the dif-

formly in the range of 300—2000 V and 0-2 mA/gnme-
spectively. The diameter of the argon ions was 60 mm, and

H B . . ample: - i H H ate : 02/21,/93
the uniformity was better than 95%. The variationspp¥/, , Sarplei higtil  Tine © 12139 bate 1 b2/aLs
. SRns 1.26 nn SP-U : 5.66 n
and working pressur®,, was controlled less than 1%. The SRa : 1.04 om SURFACE Sia : 8.60 nm
ion-beam-sputtering system, composed of a turbo-molecular-  ssa : o.74 S1o @ L.28
0.92 Shka : .83 nn

pump and a front end of a mechanical pump, was evacuated %<
to a base pressure of 10Torr after liquid-nitrogen cooling
off. The designed parameter values and fabrication condi-
tions of the various Mo/Si, Mo/C, and W/Si multilayer films
are in Table 1. In order to investigate the effect of the film
material combinations, number of layers, and the individual
layer thicknesghigh atomic number and low atomic number 95.0
materialg on superficial rms roughness, the same Si wafer 6.
was used as the substrates for all of the multilayer films, and
the design parameter values were changed. For example, for
the Mo/Si combination, the number of layers was 31 and 61,
respectively, and the individual layer thickness was o b
dpmo=4.61 nm,dg;=8.01 nm anddy,,=4.30 nm,dg;=5.00
nm. Other material combinations are as shown in Table I. Pistance ¢ nanoneters >

To measure the rms roughness of the Si wafer with STMgg 3. A 3D STM plot of Mo/si 61 layer filmgMo on top of a 1.26 nm
a 4-nm-thick molybdenum film was deposited carefully. It rms roughness area over a 95 x86 nm area.

J. Vac. Sci. Technol. B, Vol. 14, No. 1, Jan/Feb 1996
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Sample: ho1 Tine ! 16:20 Date : D2/19/93 Sample: hi101 Tine : 10:03 Date @ 02/20/93
SRmns ! 0.4494 nn SP-Vy : 2.70 ne SAns @ 0.72 nm SP-U : 4.09 o
SRa P 0.394 nn SURFACE Sha ¢ 7.99 [al3) $Ra : 0.56 nn SURFACE Shg P 17.22 nn
S&a i 0.26 S$le : 1.03 Sta : 0.20 Sle @ 1.02

saq ¢ 0D.34 Sla ! 8.24 m stq ! 0.26 Sha ! 17.93 nn

95.0

76,

ool e d o b L]
1] 19.0 38.0 S7.0 76.0 95.0 a i3.0 38.0 57.0 7Ve.0 95.0

Distance ( nanometers ) Distance { nanometers )

Fic. 4. A3D STM plot of W/Si 121 layer filmgW on top of a 0.44 nmrms  Fic. 6. A 3D STM plot of Mo/C 34 layer filmgC on top of a 0.72 nm rms
roughness area over a 95 W95 nm area. roughness area over a 95 w85 nm area.

ferences of the number of layers or by the different indi-from a statistical point of view; the W/SiL21 layer$ film
vidual layer thicknesses shown in Table |. To evaluate thesurface is amazingly smooth and has a roughness nearly
quality of multilayer films quantitatively, rms roughness identical to that of the Si wafer substrate on which it was
measurements were made at three different spots on eadeposited. The added film roughnesses were expected to lead
multilayer film and Si wafer substrate. These rms roughnest a loss of specular reflectivity. Figuréa® also shows the
values were summarized as shown in Fi@)8The left col-  calculated relative reflectivity of normal-incidence Kua

umn represents the minimum of the three rms roughnesg.47 nm, Be Ka (11.4 nm) and neonlike G€23.2 nm)
measurements, and the right represents the maximum. Tloharacteristic soft x-ray lines. With increasing rms rough-
added film roughness were calculated by taking the differness, the relative reflectivity decreases, shown in Fig). 8
ence between the average film roughness and the averafger CK«, the rate of decrease is much larger, from 1 to 0O, in
substrate roughness; these values are in K@). 8hese re- the rms roughness range [@.46,1.14 nm. For the neonlike
sults suggest that the added film roughnesses of M@&5i Ge line, the reflectivity changes gently in the same range of
layerg and Mo/C(45 layers are present to a significant ex- rms roughness.

tent, increasing from 0.46 nm rniSi wafep to 1.37 nm rms To make further investigations of the multilayer film
and 1.14 nm rms, respectively, and those of Ma/i lay-  transverse attribute, the rms average spatial wavelength
ers, W/Si (61 layers, and Mo/C(34 layers films are small  was calculated on all samples as a length characteristic pa-

Sample: hiil Time : 10:56 Date : 02/20/93 sample: hidl Tine ! 12:55 Date : 02/21./93
SRms ¢ D.68 nm SP-V : 3.71 (2] SRms ! 1.29 nn SP-VU : 6.04 nm
SRa : 0.55 non SURFACE Sha @ 17.22 nn SRa 1.09 nn SURFACE Sha ¢ 9.13  nn
sha 0.19 Slo : 1.02 saa : 0.69 Slo : t.24

saq 0.25 sha : 18.05 nn saq 0.89 Sha @ 9.95 nn

o 19.0 38.0 57.0 76.0 95.0 o 19.0 3B.0 3I7.0 7Y6.0 935.0

Distance ( nanoneters ) Distance ( nanometers

Fic. 5. A3D STM plot of W/Si 61 layer flmgW on top of a 0.68 nmrms  Fic. 7. A 3D STM plot of Mo/C 45 layer filmgMo on top of a 1.29 nm
roughness area over a 95 W95 nm area. rms roughness area over a 95 {86 nm area.
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TasLE |l. Calculatedfy as a function of the normal-incidence light wave-
M) | ave. s Added oms Reaive refleoivity length) and average spatial wavelengthwith three kinds of characteristic
Pl [ | ok ] ke [Neomlike e soft x-ray lines of CKa, Be Ka, and neonlike Ge.
:;:’:ﬂf:: 037 [0.50 |051 | 046 1 1 1 -
MojSi, 31 layers | 069 |0.52 [0.75 | 0.65 0.19 1890% | 7240% 94.40% Neonlike
Mo;/Si, 61 layers | 1.45 | 1.26 | 1.39 137 0.91 0 13.22% 61.35% C Ka Be Ka Ge
e : Nq A 04 A 04 A 04
W/Si, 121 layers | 0.44 |0.58 {043 | 048 0.02 86.21% 97.73% 99.45% Films (nm) (nm) (de (nm) (deg (nm) (de
2 - W/Si, 61 layers 047 [0.68 [0.71 0.62 0.16 25.50% 81.06% 95.05% 1
g Mo/C, 34 layers |0.73 [072 067 | 071 | o025 990% | 7009% | 9177% Si W.afer 789 447 345 11.4 232
: Mo/C, 45 layers | 1.38 | 0.75 | 1.29 1.14 0.68 0 26.66% 72.66% mo fllm
17 o/Si 8.72 4.47 30.8 11.4 - 23.2
E 1.4 31 layers
- : Mo/Si 860 447 313 114 - 23.2
@ B Min value 61 layers
= B Max value WISi 7.99 447 340 114 - 23.2
—ED 1 121 layers
= W/Si 17.22  4.47 15.0 11.4 41.5 23.2
8 61 layers
Y Mo/C 17.22  4.47 15.0 11.4 41.5 23.2
9 34 layers
q: Mo/C 9.13 4.47 29.3 114 - 23.2
= 45 layers
wn
0

Mo/Si Mo/Si W/Si Ww/Si Mo/C Mo/C
wafer 31 layers 61 layers 121 layers 61 layers 34 layers 45 layers

Substrate and multilayer films
(@

ied here(second column of Table)llare less than 23.2 nm,
S0 no scattered light occurs from the roughness on the char-

1.0 oo~ acteristic wavelength scale, suggesting that all of these
- \ Nk e multilayer films are suitable for the 23.2 nm wavelength op-
., 0.8 . 7 tical system. For the BK« (11.4 nm) x ray, 17.22 nm char-
= \ % \O\ acteristic wavelength features may produce scattered light on
5] NG 0o 04=41.5° on W/Si(61 layer$ and Mo/C (34 layers films
o 0.6 . . :
= | \ shown in the sixth column of Table Il, suggesting that they
° 0.4 NG are not suitable for the BK « line system. For the Ka
% : \ (4.47 nm X ray, scattered light occurs on the corresponding
E ) characteristic wavelength on all samples, shown in the fourth
0.2 " : AN column of Table Il. The biggest, is 34° for W/Si (121
I e C-KH\Q layers films and the smalles is 15° for W/Si(61 layers
0.0 Py { Py and Mo/C (34 layers films, suggesting that all of these
0.4 0.6 0.8 1.0 1.2 1.4 multilayer films are not suitable for the 4.47 nm wavelength
rms roughness nm soft x-ray optical system. Figure 9 shows thedistribution
(b)
Fic. 8. (a) Added film roughnesses of Mo/881 layers, Mo/Si (61 layers,
WI/Si (121 layer$, W/Si (61 layers, Mo/C (34 layers, and Mo/C(45 layer$ 50
compared to a Si wafer substrai®) The added film roughnesses were /Be-Ka
estimated to lead to a loss of specular reflectivity with the three kinds of ° (]
characteristic soft x-ray lines of € «, Be Ka, and neonlike Ge. The re- ] ’C'Ka
flectivity was normalized by that of the Si wafer to relative reflectivity for oy
the compared purpose. '3
g 25
_ . E —
rameter.\, can be considered as;, of Eq. (2) to estimate B (oK
the scattered angl@, for comparative purposedly was = .
evaluated with three kinds of soft x rays oftGy (4.47 nm), A Ao am
BeKa (11.4 nm), and neonlike Ge line at 23.2 nm, as shown Neon-like Ge
in Table Il. For normal-incident light of 23.2 nm, the shortest 0 —
spatial wavelength that produces scattering for correlated 0 10. 20 30
roughness occurs when sig=1 or 3=90° [from Eq.(2)]; Spatial wavelength nm

itis equal to the incident light wavelength 23.2 nm, and thlsHG. 9. 64 distribution vs average spatial wavelengths for the soft x-ray

light is scattering _at a grazing angle along .the SU_rface- Th%ultilayer in Table I. Horizontal arrows mean the begin points of producing
rms average spatial wavelengths of all multilayer films stud-scattering for the three kinds of soft x-ray characteristic lines.

J. Vac. Sci. Technol. B, Vol. 14, No. 1, Jan/Feb 1996
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47 Yu et al.: Surface roughness characterization 47

versus the average spatial wavelengths for the soft x rays ardktrimental for soft x-ray imaging applications. For the trans-
the horizontal arrows show the shortest spatial wavelengthgerse attribute, we found that in general the rms average
that produce the scattering. spatial wavelengths of ion-beam-sputtered multilayer films

As analyzed from the above consideration of vertical andvere enlarged by the growing films, which depend as well on
transverse attributes, we knew that the Mo(S1 layer3, the multilayer film fabrication conditions. The rms average
W/Si (61 layers, and W/Si (121 layers films have better spatial wavelengths of W/S61 layerg and Mo/C (34 lay-
performance for the neonlike Ge line at 23.2 nm and Mo/Sierg were present to a significant extent compared to Si wafer
(31 layers and W/Si(121 layers for the BeKa line. The  substrates; those of Mo/831 layers, Mo/Si (61 layers, and
quality of substrates is important for determining the finalMo/C (45 layer$ were small from a statistical point of view;
performance of soft x-ray multilayer films. All of the rms the W/Si (121 layers$ film had an amazingly complete cor-
roughnesses and average spatial wavelengths of multilayeelation with the Si wafer substrate. Its rms average spatial
films discussed here are larger than those of Si wafer sulwavelength was almost the same as that of the Si wafer sub-
strates, shown in Fig.(8) and Table Il. For high perfor- strate, implying that the roughness at the layer boundaries
mance, roughnesses of substrates should be very little, arvdas exactly reproduced from layer to layer. The increments
average spatial wavelengths should be less than the wavef A in the film growing process were expected to lead to
length of incident light. As an example, one of these kinds ofthe variation of the soft x-ray scattering angle distribution.
Mo/Si multilayer film mirrors (31 layers, 23.2 nm design As might be expected, usually the quality of the substrate is
wavelength has been used in experiments of x-ray laserimportant in determining the final performance of soft x-ray
double-pass amplification in the neonlike Ge Ifnand the  multilayer films, no matter what attributeertical or trans-
reflectivity of normal incidence light\=23.2 nm achieved verse directiopis considered.
20%.
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