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When a Ta,0; dielectric film is deposited on a bare silicon, the growth of S5i0; at the Ta.0./51 interface cannot he a-
voided. Even though the 8i0; layer is ulirathin (a few nm), it has great effects on the electrical properties of the
capacitor. The concentration depth profiles of the ultrathin interfacial S0, and Si0./3i;N, layers were obtained us-
ing an Anger electron spectroscopy (AES) equipped with a cylindrical mirror analyzer {CMA), These AES depth
profiles were quantitatively analyzed by comparing with the theoretical depth profiles which were obtained by con-
gidering the inelastic mean free path of Auger electrons and the angular acceptance function of CMA. The direct
meagurement of the interfacial layer thicknesses by using a high resolution cross-sectional TEM confirmed the ac-
curacy of the AES depth analysis. The 5i0/Si.N, double layers, which were not distinguishable from each other
under the TEM chservation, could be effectively analyzed by the AES depth profiling technique.
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I. Introduction

he demands for the higher integrity in devices and the

lower operating voltage than ever spur the research
for developing high dielectric materials to replace Si;Ny/
8i0, currently used in DRAM capacitors. Ta;0y film is an
attractive candidate for its high dielectric constant (e,=25~
28) and relatively good leakage current characteristics.” In
a conventional silicon fabrication process, the charge
storage dielectric film is usually deposited on the surface
of silicon. When the Ta;(; film is deposited on the bare sil-
icon surface, the simultaneous growth of Si0; layer at the
Ta:04/8i interface cannot be avoided. Even though the Si0,
interfacial layer is ultrathin (a few nm), it has great ef-
fects on the electrical properties such as leakage current
characteristics and dielectric constant of the capacitor. The
important influence of the interfacial SiQ, layer on the
dielectric characteristics of the Ta,0,/Si0, double layer has
been pointed out by some other researchers® Therefore
the exact analysis of the interfacial layer, especially the de-
termination of its thickness, is essential to understand the
characteristics of the capacitor.

High resolution cross-sectional transmission electron mi-
eroscapy (TEM) is mostly used to measure the thickness of
the interfacial Si0, layver. The cross-sectional TEM work,
however, demands time-consuming efforts in preparation
of thin foils, It is also difficult to analyze the large area of
the specimen and to distinguish the Si0, layer from the
other amaorphous layers, Auger electron spectroscopy (AES)
is very suitable for getting a compositional depth profile of

a thin film within a reasonable timespan because it has
an excellent surface sensitivity and short data acguisition
time. Furthermore, no special process in preparing the
sample is necessary. However, the depth resolution of the
AES depth profiling is limited by the inelastic mean free
path of the Auger electron and by the sputtering induced
effects, which cause the difficulty in the guantitative
analysis of the AES depth profiles.

In this study, the concentration depth profile of the ul-
trathin 35i0; layer formed at the Tay,0./Si interface was
experimentally obtained using an AES. Its quantitative
analysis was accomplished by comparing with the
theoretical depth profiles which were obtained hy taking
into account the inelastic mean free path of Auger elec-
trons and the angular acceptance function of the electron
energy analyzer. The thicknesses of the ultrathin Si0,
layers determined by the AES analysis were compared
with those measured directly from the high-resolution
cross-sectional TEM micrographs.

II. Experimental

1. Theoretical AES depth profiling

When Auger electrons are generated from element A
by an incident high energy electron heam, the Auger
peak intensity I can be expressed as eq. (1) under the as-
sumptions that the surface is flat and the material is
step-like uniform® :

I=1,0P, T [ C(x) p(1+) expi—x/Acos@hdx (1)



8 The Korean Journal of Ceramics - Ju-won Soh et ol

where C (x) is the local atomic concentration of an ele-
ment A at depth x, I, is the primary electron beam cur-
rent, ¢ is the ilonization cross-gsection, P, is the pro-
bability that an excited atom will decay through an Aug-
er transition, T is the fraction of Auger electrons de-
tected by the analyzer, p is the local atomic density, r is
the back scattering factor, A is the inelastic mean free
path (IMFP) of the Auger electron in a given matrix and
@ is the emission angle of the detected Auger electron
with respect to the normal to the specimen surface. If
there is no matrix effect so that p and r are constants, eq.
{1) is reduced to :

1=K | C(x) exp{-x/Acos B} dx (2)

where K is a spectroscopy constant for a fixed heam eur-
rent and Auger peak. In order to minimize the effects of
instrumental and experimental factors, the absolute Aug-
er intensity (I) was normalized with the Auger peak in-
tengity of the pure elemental bulk standard (I°). The nor-
malized intensity R is :

R =L/’ = [ C(x) exp{-x/Acos8}dx | exp{-x/Acost} dx (3}

The effective escape depth (Acos€) of the Auger elec-
trons is the most important factor for the calculation of
the Auger signal. The IMFP of the Auger slectron of ele-
ment A (in an AsBy molecule}) is expressed as Agampe
when the electron travels in the matrix C. We calculated
the IMFP from the empirical relations suggested by
Seah and Dench.” The empirical relations are expressed
as eq. (4-1) and eq. (4-2) for elements and for inorganic
compoungs, respectively,

Specimen normal
1

CMA

CMA axis

\

Fig. 1. Geometry of the AES amnalysis configuration with
CMA: v, aperture angle of CMA (42.3% ; ¢, angle between
the surface mormal and the CMA axis (i.e. specimen tilting
angle} ; o, azimuth of CMA axis (0° o < 180°) ; 6, emission an-
gle of Auger electrons.
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Aaiamyc =538 Ac EA{A‘BY)_z +0.41(A2 EA(A‘HJ)W (4-1)
Aaapyc=2170A0 By )2 +0.72(AZ By p )° (4-2)

where EM_XBY, is the kinetic energy of the Auger electron
of element A in an AyB. molecule and Ac is the mono-
layer thickness of the matrix C.

Cylindrical mirror analyzer (CMA) which congists of
two concentric cylinders of different radii was used to a-
nalyze the Auger eleclron energy. CMA has a ring-type
acceptance slit to have a large solid acceptance angle.
Fig. 1 shows the geometry of CMA with respect to the
gspecimen. The angular aceeptance function (cos® of
CMA is expressed as® :

c0s8 = cos Peose — sin 'Fsing coso (5)

where 8 is the emission angle of Aupger electrons, ¥ is
the aperture angle (42.3°) of CMA, ¢ is the specimen tilt-
ing angle (30° in the present experiment) and o is the az-
imuth of CMA axis (0° < o < 180°). The azimuth o was di-
vided by 1° and the values of cosd were caleulated ac-
cording to eq. (5) with those different o values. The nor-
malized Auger intensity R was obtained by averaging all
of the relative intensities which were computed from eq.
(3) with every cost value. The normalized intensity of
the Auger electron of element A (in an ABy molecule) is
expressed as Ryye,p

2, Experimental Auger depth profiling

Three specimens with the structure of Ta,04/8i0,/(Si;N,)/
Si were prepared at the different conditions which are
given in Table 1. TaO; thin films were deposited on Si or
Si;N/Si substrates by the electron cyclotron resonance
plasma enhanced chemical vapor depogition (ECR PECVI)
method using Ta(OC.H;); and oxygen as reactant gases.
Specimen 1 was prepared by depositing Ta O, thin film on
a bare silicon wafer at 205°C and annealing for 30
minutes at 850°C in an oxygen ambient. The Si0, in-
terfacial layer was formed during the deposition of Ta.0s
film by the oxygen ECR plasma and grew further during
the post-annealing process. Specimen 2 was prepared by
depositing Ta,0; thin film, on a bare silicon wafer at a low

Table 1. Specimen Preparation Conditions.

Specimen 1 Specimen 2 Specimen 3

Substrate 51 51 SigN/Si"

Ta,0; deposition 205°C 95°C 206"C
temperature”

Post-annealing YES® NO NO

a: SizN, layer was prepared on Si substrate hy ECR plasma ni-
tridation vnder the following conditions : microwave power
300 W, substrate temperature 205°C and pressure (.2 mtorr.

h : Taz0; films were deposited by ECR PECVD method using Ta
(CoHsO and O, at 300 W and 0.5 mtore,

¢ : Post-annealed at 850°C for 30 minutes in an O, environment
of 1 atm.
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deposition temperature of 95°C to form a very thin S8i0,
interfacial layer. In ease of specimen 3, T'a,0; thin film
wag deposited on a Si;N,/Si substrate at 205°C to form a
8i0./8i;N, double amorphous interfacial layer. The SiN./
Si substrate was prepared by nitriding a silicon wafer
surface in an nitrogen ECR plasma to form an amor-
phous Si;N, layer about 4 nm thick. 5i,N, layer has heen
used as a buffer layer to suppress the formation of in-
terfacial S8i0; layer.

The thicknesses of the interfacial 8i0y, or 5i0./8i;N, lay-
ers were precisely measured by using a high-resolution
cross-sectional TEM (JEOL, JEM 2000EX) with a point
resolution of 0.21 nm. The cross-sectional TEM speci-
mens were prepared by the face-to-face method. The
specimens were mechanically polished to a thickness of a-
bout 30 pm and then bonded to a copper grid before they
were thinned with an ion beam milling machine. Figs.
2(a)-(c) are the cross-sectional TEM micrographs ob-
tained from specimens 1, 2 and 3, respectively. The Si0,
layer is clearly distinguishable from Ta;O; and Si in the
TEM micrographs. The regularly-spaced white points ap-
peared in the lower pari of the photograph represent the
lattice points of the Si single crystal. The vertical dis-
tanee from point to point is 0.54 nm which corresponds
to the Si (100} interplanar spacing and the horizontal dis-
tance is 0.38 nm which corresponds to the Si (110) in-
terplanar spacing, These values enable us to measure
the thickness of the interfacial SiQ; layers very ac-
curately. The measured thicknesses of the interfacial
5i0, layers of specimen 1 and 2 are 10.9 nm and 3.1 nm
respectively. The thickness of the 5i0./8i;N, double layer
of specimen 3 is 4.2 nm. It should be noted that the two
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amorphous layers are not distinguishable each other und-
er the TEM cbservation as shown in Fig. 2(c).

The sputtered depth profiles of the interfacial Si0, or
8i0,/31;N, layers were obtained by using a scanning Aug-
er microscopy {Perkin Elmer, PHI 610) equipped with a.
CMA and a sputtering ion gun. The sputtering and
analysis conditions are as follows : specimen tilting angle
() 30° with respect to the CMA axis, incident electron en-
ergy 5 keV, modulation voltage 4 V, Auger analysis area
10x 156 um® sputter ion beam energy 3 keV and jon
beam current 58.2 uAjem?®

For the quantitative analysis of the sputtered depth
profiles, the sputter depth scale should be calibrated.
The most convenient way to calibrate the sputter depth
scale iz to measure the time spent for sputtering
through a layer of kmown thickness. Specimen 1 which
has the thickest Si(); interfacial layer among three speci-
mens was selected as the reference sample to determine
the sputtering rate of the Si0; layer during AES depth
profiling. The thicknesses of the interfacial SiO.lor Si,N,)
layers of specimens 2 and 3 measured from the AES
sputtered depth profiles were compared with those direct-
Iy measured from the high-resolution cross-sectional
TEM.

III. Results and Discussion

1. Theoretical depth profiles

Theoretical depth profiles of the specimens with the
structure of Ta,04/Si0./31 were calculated under the as-
sumption of step-like uniform layers. Fig. 3 shows the
specimen structure in which the thickness of 8i0, in-

©]

Fig. 2. Cross-sectional TEM micrographs of (a) specimen 1, (b) specimen 2 and (¢) specimen 3. Freparation conditions of the

specimens are listed in Table 1.
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terfacial layer is t. The position X represents the surface
of the specimen which is being eroded hy ion sputtering.
The upper surface of the SiQ); interfacial layer is set as X
={). The oxygen atoms in Ta,0; were preferentially sputt-
ered and the degree of oxygen deficiency varied with the
sputtered depth. Thus, the tantalum oxide film being
sputtered is expressed as TaQOy (where x < 2.5) instead of
Tayy.

When the tantalum oxide is being eroded (ie. X < 0),
Rruraoys Rssiop, and Res are expressed as egs. (6)-(8),
respectively.

Ryrany = 1 —exp{ X/ Apyrany o 0050} (6)
Rgisoy = [n- CXP{VJ&(Sio,ySio, cost}]
eXP{X//.'-Si(sioz)frao~ cosd} (7)
CMA

TaO,
Si0, / 1t

/ Si-substrate

Fig. 3. Schematic diagram for quantitative analysis of AES
depth profile.

e R

Table 2. Inelastic Mean Free Paths of the Auger Electrons.
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Rgys = CXP{_U’zsl(s.ys,o, cost}
exp{X/ ’lsi(Si)/TaO, cos8} (8)

where Anmoy is IMFP of Ta MNN Auger electron with
1677 eV, Assoy 18 IMFP of 8i LMM Auger electron with
76 eV and Ay, is IMFP of Si LMM Auger electron with
92 eV. When the interfacial Si0Q, layer is being eroded (i.
e. 0 < X < 1), Rumoy is zero because TaOy layer is com-
pletely eroded. Regso, and Rss, are expressed as egs. (9)
and (10}, respectively,

Rgigoy=1— exp{(1-X)~" Asi(sl'o,ysm, cosg} 9
Ry = exp{—t-X)" Agspsm0, 0086} (10)

When the Si substrate is being eroded (ie. X > t), Rumogy
and Rse, are zero and Ry, is one. IMFP values of vari-
ous Auger electrons were calculated according to the
Seah and Dench's method of eq. (4) and tabulated in
Table 2. There were two points to be considered in cal-
culating Aruraoy reoy- The kinetic energy (Evurop) of MNN

1.0

0.24 ’

' ./
°-a-s-'47:{.'1a123456

Depth, X (nm)

Fig. 4. Theoretical depth profiles of Rruriog, Rsmoy and Rse
caleculated assuming ideal microsectioning when the thick-
ness (t) of the interfacial SiQ, layer is 2.0 nm.

O : Rrumoyg ® @ Ragog Ot Raggy

i
5 g ~Ja(Ta0y . } Si(Si)
g SiSioy|| Y }

E (L6 FWHM}

3 04 t

N

T

E

o

=

Aaagmonc Auger electron meay,b Matrix Monolayer thickness Calculated value of A

M'(T‘DX)"T‘OX MNN Auger electron of Ta 1677 eV TaOy 0.246 nm 3.667 nm
atom in TaOy

AsimingiTaoy LMM Auger electron of Si 76 eV TaOy 0,246 nm 0.853 nm
atom in Si0Q,

Assiogisio, LMM Auger electron of Si 76 eV SiQ, (1.248 nm 0.868 nm
atom in SiQ,

Asysimaog LMM Auger electron of Si 92 eV TaDy 0.246 nm (.800 nm
atom in Si

7\@1(31:13102 LMM Auger slectron of Si 92 eV 510, 0.248 nm 0.916 nm
atom in Si

Asisne LMM Auger electorn of Si 92 eV Si 0.272 nm (.5750 nm
atom in Si

a : Inelastic mean free path of the Auger electron which is emitted from the atom A (in the AxBy molecule) and travels in the matrix C.
b : Energy of the Auger electron which is emitted from the atom A (in the AyBy molecule).
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Fig. 5. Distances a, b and ¢ which are defined in Fig. 4 as
a function of SiQ;, thickness (t), showing that a is virtually
equal to ¢ regardless of the Si0; thickness and thus the
thickness t of the interfacial SiQ; layer can be represented
by the FWHM of Rslgglz].
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Fig. 6. Sputtered depth profile obtained from the specimen
1, One sputter eycle corresponds to the sputtered depth of
0.73 nm.
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Fig. 7. Sputtered depth profile obtained from the specimen
2. One sputter cycle corresponds to the sputtered depth of
0.73 nm. The ealeulated thickness of the Si0, layer is 3.4
nm.
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Auger electron of Ta atom in TaOx was considered to lie
halfway between Erm.,o, (1674 V) and Erg, (1680 eV).
The monolayer thickness Aoy of the TaO; matrix was
also ecnsidered to lie halfway between Amo, (0.229 nm}
and Ay, (0.262 nm).

Fig. 4 shows the theoretical depth profiles of the nor-
malized intensities Ry, Reeoy 8nd Rss) obtained
from the caleulated A and cosf® values when the thick-
ness (t) of 8i0, interfacial layer is 2.0 nm X:0~ 2.0
nm). The position Xs where the intensity shows the half
maximum in the Rsso, curve do not coincide with the
surfaces of the 8i0, layer because of the non-zero IMFP
of Auger electrons. Those differences in position are de-
noted by & and ¢ as shown in Fig. 4. The overlapped dis-
tance is denoted by b. The full width at half maximum
(FWHM) of Rywo, i a+b, whereas the thickness (t} of
the inferfacial layer is b+e. Fig. 6 shows the variations
of &, b and ¢ with the thickness of 5i0, layer. Note that
a is virtually equivalent to ¢ with a value of 0.4 nm re-
gardless of the Si0, thickness. As a result, the FWHM
obtained from the sputtered depth profiles can be re-
garded as the thickness of Si0, interfacial layer formed
between Ta,O; thin film and Si substrate.

2. Sputtered depth profiles

Figs. 6 and 7 are the sputtered depth profiles acquired
experimentally from the specimens 1 and 2, respectively.
The shapes of the sputtered depth profiles are somewhat
different from theose of the theoretical ones because of
the preferred sputtering, atomic mixing effects and sur-
face roughness induced hy ion sputtering. One sputter cy-
cle in the Figs. represents the Ar ion sputtering for 6
seconds. The sputtered depth of the interfacial 8i0, layer
per sputter cycle was obtained by dividing the thickness
(10.2 nm) of the Bi0, interfacial layer of specimen 1 by
the sputter cycles (14.9 cycle} corresponding to FWHM of
Reso,y The sputtering rate obtained was 0.73 nm/cycle.
The thickness of the interfacial 8i0, layer of specimen 2

s 10
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“é S

S 08

=

S 0.4

m a

N

5 o.zl

g - N(Si5N,) ,

Z “U§ 70 15 20 25 30 35 40 45 50
Sputter Cycle

Fig. 8. Sputiered depth profile obtained from the specimen
3 that has a Si(}/Si;N, double interfacial layer. One sputter
cycle corresponds to 0.73 nm. The calculated thicknesses of
the Si0, layer and the Si0Qy8i;N, double layer were 3.7 nm
and 4.6 nm, respectively.
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Table 3. Thicknesses of the Interfacial Layers Measured by
the Cross-Sectional TEM and the AES Depth Profiling.

Cross-Sectional TEM AES depth profiling

Specimen 1 Si0, : 10.9 nm" 8i0, : 10.9 nm
Specimen 2 Si0, : 3.1 nm Si0, : 3.4 nm
Specimen 3 Si0y/Si;N; : 42 nm®  5i0,: 3.7 nm

S510,/8i:N, : 4.6 nm

a : This thickness is used as a reference value to determine the
sputtering rate of the Si0); layer during AFS depth profiling,

b : 8i0Q; layer is not distinguishable from the SiyN, layer in the
corss-sectional TEM examination.

can he determined by multiplying the sputter cycles (4.7
cycle) corresponding to FWHM of Rseo, by the sputt-
ering rate (0.73 nm/cycle). The caleulated thickness (3.4
nm) of specimen 2 is found to be overestimated by about
10%, comparing with the value (3.1 nm) determined by
the high resolution cross-sectional TEM micrograph of
Fig. 2(b).

Fig. 8 shows the sputtered depth profile obtained
from the specimen 3 having a Si0./SiN,; double in-
terfacial layer. In AES spectra, the LMM peak of Si in
Si,N, was not distinguishable from that of Si in 5i single
crystal. Thus, we monitored N KLL Auger peak (379 eV}
instead of 81 LMM peak for the detection of Si;N, phase.
The depth profile of Si;N, was represented by Rys,n, . In
the AES profile, Si0, and Si;N, are distinguishable from
each other. A large part of the SiN, layer on Si sub-
strate was found to be converted into Si0, layer during
the deposition of Ta,Q; film because of the strong ox-
idation power of the ECR oxygen plasma. This means
that Si;N. layer is not a proper buffer layer for the ECR
PECVD system. The FWHM of R0, corresponds to 5.0
sputter cycles, which gives a 810, layer thickness of 3.7
nm, The FWHM of Rug,y, corresponds to 2.4 sputter cy-
cles, which gives a Si;N, layer thickness of 1.8 nm as-
suming the same sputtering rate as for 310, The total
thickness of the Si(0,/8i;N, double interfacial layers is 4.6
nm, which iz also overestimated by about 10% com-
paring with the value (4.2 nm) determined by the cross-
sectional TEM micrograph of Fig. 2{(c). The resulted
values were summarized in Table 3. It is helieved that
this overestimation of the thicknesses of specimens 2
and 3 is due to the broadening of the AES depth profiles.
The broadening may come from the atomic mixing and
the sputtering induced surface roughness, which have a
more important effect for the thinner layer. Nevertheless,
the thickness measurad by the AES depth profiling tech-
nique agreed reasonably well, within 10%, with those
measured by the cross-sectional TEM. Furthermore, the
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AES depth profiling ean effectively discriminate the two
mixed amorphous layers, which iz unattainable with
TEM examination.

IV. Conclusions

Theoretical caleulation of AES depth profiles was per-
formed by considering the inelastic mean free path of
Auger electrons and angular acceptance function of
CMA. Comparing the theoretical depth profiles with the
sputtered ones could afford the quantitative analysis of
the ultrathin interfacial 510, and 8igN, layers. The
thicknesses measured by the AES depth profiling tech-
nique agreed reasonably well with those determined by
the high resolution cross-sectional TEM. Furthermore,
the mixed layer of S8i0, and Si;N,, which were not dis-
tinguishable from each other under TEM examination,
could be effectively analyzed. It has been shown that
the AES depth profiling is a convenient tool for the
quantitative analysis of the ultrathin interfacial layer,
permitting the analysis within a reasonable timespan
without any special process in preparing the analysis
sample.
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