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Abstract:Thermal diffusion of Si atoms at the interface in Mo/ Si multilayers w as observed

w ith an imaging�type sof t�X�ray emission m icroscope developed by us. It w as possible to ob�
serve the dif fusion w ith 0. 2nm depth resolut ion in the direct ion normal to the interface by

comparing the em ission intensity for ex act ly the same posit ion. The diffusion coeff icient of Si

atoms in Mo at 600 � was roughly estimated to be 6. 0 � 10�17cm2
/ s.
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1 � Introduction

� � The property of the dev ices w ith a layer struc�
ture such as superlat tices, mult ilayer coat ings, and

semiconductor devices is dependent upon the quali�
ty of the interface between adjacent layers. From

the v iewpoint of their practical usage, thermal sta�
bility of the interface is one of the essential factors.

T herefore, annealing tests are often carried out to

examine the thermal stability. How ever, it is diff i�
cult to evaluate the interface nondest ruct ively be�
cause it is buried inside the bulk. Using soft X�ray
emission spectroscopy, we are able to investigate

the elect ronic st ructure of bulk materials indepen�
dent of the surface state, because mean free path of

the sof t X�ray is in the order of 100nm. We made

clear using sof t X�ray emission spectroscopy that

the interface of a Mo/ Si mult ilayer coating deposit�
ed w ith a magnetron sput ter system was Mo3Si of

about 0. 8nm thick
[ 1]
. T hus the sof t X�ray emis�

sion spect roscopy is a useful tool to invest ig ate the

buried interfaces. On the other hand, w e have re�
cent ly developed an imaging�ty pe sof t�X�ray emis�
sion m icroscope

[ 2]
. In this microscope the soft X�

ray emissin from a sample generated w ith an elec�
t ron beam is focused on a position�sensit ive detector
using a mult ilayer�coated Schw arzschild object ive.

Ow ing to the narrow�band reflect ion of the mult i�
layer coat ing, w e obtain a m icroscope image of a

specif ic kind of atoms. Concerning the present mi�
croscope, it has been tuned to the Si L2, 3 emission.

Its spat ial resolut ion on the sample is est imated to

be about 2�m. In order to demonstrate its possibil�
it ies w e have lately studied the diffusion of Si atoms

across the interface of a Mo/ Si bilayer coating.

Mo/ Si mult ilayer coat ings exhibit high reflectance

at normal incidence in the 13nm waveleng th re�
g ion. It s applicat ion has been w idely studied in the

fields of EUV lithography, sof t X�ray microscopy,
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and free electron lasers. The thermal stability of

the interface in the multilayer is essent ial to keep

its performance. The Mo/ Si mult ilayer coat ing is

known to become unstable above 400 � [ 3] because

of the interdiffusion and the chem ical reaction to

form MoSi2
[ 4]
. However, this property is all the

more preferable for us to observe the diffusion of Si

atoms at high temperature using the sof t X�ray e�
mission microscope. We chose Mo/ Si multialyer

coat ings to exam ine the performance of the sof t X�
ray em ission m icroscope. On the other hand, the

diffusion coeff icient of Si atoms in Mo so far report�
ed ranges from 1. 3 � 10�24 cm2/ s[ 5] to 1. 0 � 10�16

cm2/ s[ 6] at 400 � . T he analysis of the images ob�
served in this study w ill y ield dif fusion coeff icients.

It w ill also contribute to resolving the inconsistency

in the basic data of materials.

Fig. 1 � Schematic cross sections of the samples # 1 and

# 2.

2 � Experiments

� � T he samples used in this study were prepared

using a magnetron sput ter system as follow s. A M o

buf fer layer of 100nm thick w as once deposited on

a Si w afer. A Si layer of 50nm thick w as pat terned

using a Cu mesh of # 150 on the Mo buffer layer

( sample # 1) . T hen a M o topmost layer of 20nm

thick w as deposited on the sample # 1( sample #

2) . The samples w ere once exposed to the atmo�
sphere w hen at taching and removing the Cu mesh.

The cross section of the samples is schemat ically il�
lust rated in Fig . 1. It is expected to observe dif fu�
sion of Si atoms from the Si lay er through into the

Mo layer. If the dif fusion proceeds more than the

resolving pow er of the microscope, w e can expect

to observe it at the boundary for both samples. On

the contrary, if the deg ree of the dif fusion is lower

than the resolving pow er, it is expected to observe

the dif fusion in the direct ion normal to the interface

at the plateau for the sample # 2 as an increment in

the emission intensity. T he sample holder w as re�
made to in situ observe a sample under annealing.

The temperature was ascertained to rise to 700 � .

A shutter w as installed betw een the sample and the

object ive to avoid deposit ion onto the object ive mir�
ror during annealing at high temperature. In this

study annealing was carried out at 600 � for 10

hours w ith the shut ter closed. The samples w ere

excited w ith an electron beam of 1. 4�A accelerated

to 2. 5kV.

3 � Results and discussion

� � Figures 2a and 2b show images of the sample

# 1 observed before and after annealing, respec�
t ively. Both images were recorded for 80 sec at

room temperature. T he bright tone shows Si to be

rich, w hile the dark tone shows to be poor. The

image shows a boundary of the Si layer pat terned

using the Cu mesh. The image of Fig. 2b looks

slightly unclear. Except for a small dark spot seen

in the low er part Fig. 2b, both images look much

alike. The small spot w as probably g enerated by
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desorpt ion of Si atoms during the annealing . In or�
der to est imate the dif fusion length w e compared

the emission intensity prof iles of the same posit ion.

F igure 3 shows the emission intensity prof iles taken

across a w ire pattern as show n in the upper column

of the f igure. In order to increase the S/ N rat io all

the prof iles taken inside the rectangular were added

up. The high intensity region on both sides of F ig.

3 is the Si layer. As is seen, there seems to be no

difference betw een the two prof iles, suggesting

that the diffusion w as too microscopic to observe

w ith the present microscope even if the diffusion

occurred.

( a) before annealing

( b) after annealing

F ig. 2� Si L 2, 3 emission images of the sample # 1 observ ed

( a) befor e and ( b) after annealing at 600 � for

10h.

Fig. 3 � Emission intensity profiles of Fig . 2( a ) ( solid cir�

cles) and 2 ( b) ( open circles) . T hey are taken at

the same position as illustr ated in the upper column.

( a) befo re annealing
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( b) after annealing

F ig. 4� Si L 2, 3 emission images of the sample # 2 observ ed

( a) befor e and ( b) after annealing at 600 � for

10h.

Fig. 5 � Emission intensit y profiles of Fig . 4( a) ( solid

circles) and 4( b) ( open circles) . They ar e tak�

en at the same position as illustrated in the up�

per column.

Figures 4a and 4b show images of the sample

# 2 observed before and after annealing, respec�

t ively. The acquisit ion t ime w as 300 sec for the M o

cover layer. As is seen, contrast of the image evi�
dent ly degraded after annealing. Figure 5 show s

the emission intensity prof iles taken for the same

area show n in the upper part of the figure. As for

the m iddle region, some amount of Si atoms w ere

observed af ter annealing, w hile almost no Si atoms

were observed before annealing. Si atoms w ere not

deposited onto the m iddle region because the Si lay�
er w as covered w ith the Mo layer for the sample #

2. Besides, the sample # 1 of fers another evidence

that Si deposit ion did not occur at all, w here the Si

layer w as not covered. It may be explained as fol�
lows. Contamination caused by the atmosphere re�
sulted in defects at the area sandwiched between

the bottom and the top M o layers, thus Si atoms

eff iciencly dif fused laterally into the defect layer. It

may be possible to observe this ef fect under an ap�
propriate condit ion using the microscope. We thus

pay no more at tent ion to the m iddle area but to the

Si layer region. As is seen, the emission intensity

increased after annealing. The increment w as not

caused by the Si deposit ion onto the Mo layer from

the same reasons as described above. T he incre�
ment in the emission intensity suggests st rongly

that Si atoms dif fused upward into the M o layer at

the topmost interface. T he rat io of the emission in�
tensity before and after annealing averaged over the

Si layer reg ion is 1. 18. Using a diffusion model

and the penet rat ion depth of an electron beam for�
malized by Castaing

[ 7]
we roughly est imated the

diffusion coef ficient of Si atom in Mo at 600 � to

be 3. 4 � 10�17 cm2/ s. Averaging over the diffusion

coeff icients obtained from the images observed af ter

several annealing periods, we finally estimated it to

be 6. 0( � 0. 5) � 10�17cm2/ s. This value is roughly

consistent w ith 1. 0 � 10�18cm2/ s at 400 � recent ly

obtained by M iyata et al. using sof t X�ray emission
spect roscopy[ 4] . Stearns et al. reported 4 � 10�18

cm2/ s at 400 � measured using a high�resolut ion
elect ron microscope[ 8] . If our estimated value is

correct , the diffusion leng th for 10 hours is about

20 nm , which is too small for the microscope to ob�

4495 期 � � � � � � Yoshitaka SHITANI, et al: Thermal diffusion of Si atoms at the interface of Mo/ Si bilayers. . . � � � � � �



serve the Si dif fusion in the lateral direct ion. How�
ever, it was found to be possible to observe dif fu�
sion of about 0. 2 nm in the direct ion normal to the

interface. This result ow es much to the fact that

the em ission microscope enables us to compare the

emission intensity for ex act ly the same posit ion.

T he present result demonstrates that the sof t X�ray
emission microscope has the capability of evaluating

the thermal stability of the buried interfaces.

4 � Summary

� � T hermal dif fusion of Si atoms at the interface
in M o/ Si mult ilayers has been observed with an

imaging�type sof t�X�ray emission m icroscope devel�
oped by us. It has been found to be possible to ob�

serve the diffusion with 0. 2nm depth resolut ion in

the normal to the interface because w e can compare

the emission intensity for ex act ly the same posit ion

using the em ission microscope. On the contrary,

the dif fusion was too small for the microscope to

observe in the lateral direction. We have roughly

est imated that the diffusion coef ficient of Si atoms

in Mo at 600 � is 6. 0 � 10�17cm2/ s.
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