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Abstract

This paper develops a method that uses parallel beam X-ray diffracXiBiD) for profiling structure and phase distributions
along with the depth. This method was used to characterize tABd\ihin film sample and to obtain the phase depth profile. In
the data analysis procession, the non-negative least sqdateS) algorithm was introduced to resolve the ill-posed inverse
problem that emerged in the solving procession. The grains with same crystallographic orientation were measured when the
incident angles varied in the designed diffraction manner and the influence of the texture in the films was avoided properly. It
should be noticed that this method is employed for the first time to analyze a system containing more than twaocpRases.
Elsevier Science B.V. All rights reserved.
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1. Introduction The purpose of this paper is to present the develop-
ment of the CDP method in mathematical algorithms
and application range. This time the CDP method was
used to analyze a system with three phases. Thdili
film annealed at 38W for 30 min was analyzed by this

non-destructive _method and do_es hot require speC'f'C method. With the operation of the Bruker D8 Discover
sample preparation, has been widely used to identify thediffractometer samples can be rotated around three

phase and structure variations of samples. To obtain. d d ing that th ; ith th
phase depth profiles, the concept of information depth Independent axes ensuring that the grains with the same

or penetration depthid—5 has been used to define the crystallographic orientation participate in the diffraction

specific depth semi-quantitatively, where the correspond—E:T?geiﬁewg)'(lee:nﬁem;lldzgiaaﬂgf i;a”rg\sl.e éib\trr:gsh:ﬁirgael
ing diffraction information is concerned. In other works - P ) mp

[6-9], the concept of absorption depth was employed precision tha’F compared W|th previous work. Rutherford
When' trying to obtain the structure depth profiling Back Scattering RBS) experiments were performed to

quantitatively. The method is similar to a special kind obtain elemental depth profiles.
of computed topographyCT), and was named as the 2 Theory
computed depth profiling(CDP) method of XRD

Recently, the analysis of thin films and surface layers
has become an interesting field of materials studies
[1,2]. The X-ray diffraction(XRD) analysis, which is a

patterns. 2.1. Main assumptions
* Corresponding author. Faxt86-10-6277-1444. The objects that the CDP method studied are either
E-mail address: taokun@mail.tsinghua.edu.¢K. Tao). thin films or surface layers of bulk materials. According
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Fig. 1. The asymmetrical Bragg diffraction scheme.

to our previous worH6-9 and the work of Bolle et al. *

[10], the main assumptions in the CDP method are aslobd@.0.5) =A(c,0,5)+ | 1(x.0,5)-exp(—oY)dx (D)
follows: (i) the phase distribution and their structures in °

the sample vary with the depth, but are homogeneousHere,

in the direction parallel to the surface at any deffth), .

crystallographic texture is homogeneous in the film, i.e. , _ _

no texture gradient presentiii) the concentration Y= o px)dx @
increases or decreases continuously and monotonically

in the film from its outside to insidefiv) the size of o =0(a,0,5)=1/sine+1/sinB 3
each analyzed sub-layer should be greater than the length . . .
of the X-ray coherent domair(y) the whole thickness where Iopda,6,5) is the measured X-ray diffraction

of the laver analvzed is penetrated by the X-ravs’ beam. INtensity; the I(x,0,s) represents the diffraction infor-
y y P y 4 mation of the infinitesimal sub-thin layers at deptlin

the diffraction angle6 with the orientations. The
2.2. Physical model concept of diffraction ability/(x,8,5) includes the influ-
ences of structure and the volume percentage of phases,
In the experiments, the asymmetrical diffraction meth- but excludes the influence of the experimental conditions
od, as shown in Fig. 1, was used to measure theand geometrical factors. The(x) is the linear absorp-
diffraction patterns with different incident angles. tion coefficient of the sub-thin layer at depthp is the
Vector n is the normal to the sample surface ands angle between the diffraction beam and sample surface;
the diffraction vector. In our measurements, the sample o is the diffraction geometrical factor; thé(x), which
was rotated around the axisand the variation of the is defined as the absorption depth, can be used to
rotation angle corresponded to the variation of the linearize the non-linear items in the following calcula-
incident anglea. Consequently, in the present experi- tion and can also be regarded as a depth scale directly,
mental scheme, the grains with the same crystallographicand A(«,6,s), which takes into account the influence of
orientation were measured at each incident angle. the diffraction geometry as well as the size and shape
As shown in previous wor6,8], as a function of  of the sample, can be obtained by the measurement of
orientation, the XRD experimental intensity can be a standard sample with uniformly arbitrary phase and
expressed by: with the identical size and shape to the sample and-
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under the same diffraction geometry.

Let I (o) =1 x{a,0.5) /A(a,0.9)
*(v)=1(Y(x),0,5) / (x)

So 1% do)= f I’*(Y)-expl — oY)dY
) (4)

whereD is the total thickness of the thin film in terms
of absorption deptht scale. If the substrate matter
contributes very little to the experimental diffraction
intensity, D should be used in Eq4) instead of infinite
thickness.

2.3. Mathematical method

The resolving procession was a typical ill-posed
inverse problem in mathematics. The constrained linear
inversion method has been used to obt#i(l) in Eq.

(4). However, because th&(Y) should actually be non-
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{a}=(CTC+EHTH) *CT{b} M

where & represents the relative weight of the linear
constraint term and/ is:

[ -1 1 0 0 ]

0 -1 1 0 0

0 0 -1 1 0

_0 0 -11 AN—1xXN)

Concerning the diffraction ability* (Y) is non-nega-
tive, in Eq. (6) the solution{a} should subject to this

negative, the algorithm non-negative least squarescongiraint. Thus, the NNLS algorithm was logically

(NNLS) is employed to meet this constraint and is
combined with constrained linear inversion method to
resolve the ill-posed inverse problem.

Function/*(Y) can be expressed approximately by a
piece-wise linear functiof8]:

I4(r)= ¥ I CilY) ®)

K=1
where
(Y=Y, )/ (Yi=Yi_1) Y, 1<Y<Y,

Ce N=Yis1=0)/(Yis1=Y) Yi<Y<Yi

0

here N was the total number of the divided layers, and
the coefficientsl* , are the heights of*(Y) at abscissa
valuesY, using the absorption depth scale.
Substituting Eq.(5) into Eq. (4) for each measured
data point [o,,I;,{c,)] at each fixed6, where i=
M and M is the total number of the measured
patterns with different incident angle, the final result
will be:

[Clla}={b}

where

elsewhere

(6

Cu= JCk(Y)exp( — o Y)dY

Clk:I/zk and bi:I?:bS(O-i)

The solution of Eq.(6) can be obtained by the
constrained linear inversion method as follows:

employed into the resolution process here.

Problem NNLS was defined as: Solde&=b to x> 0.
Where A is a givenmXn matrix andb is a givenm-
vector. According to the algorithm from Bolle et al.
[11], the resolving progress converges after a finite
number of iterations. As to the E@6), the matrixA,
the vectorx and b are corresponding t¢C], {a} and
{b}, respectively. Thus, by the combination of the two
algorithms, the resulting* (Y) can be calculated.

3. Experimental

The substrate of the sample was $iSi(100). A
SiO, layer of approximately 8000 A was deposited on
the Si substrate which functioned as the barrier to
prevent a reaction between Si and/Rd thin films.
The bilayer film was prepared by a physical vapor
deposition (PVD) method at a base vacuum level of
3xX10°° Pa. The Ni layer was on top of the Pd layer.
The thickness of Pd and Ni layers were 750 and 1500
A, respectively. The thermal annealing process took
place in a vacuum-annealing furnace at a temperature
380°C for a 30-min duration. Cooling was achieved by
laying the sample in the vacuum tunnel at the room
temperature. A standard Al ultra-fine powder sample
was used to obtain the factd(«,0,s) in Eq. (1).

To improve the precision of the measured data, the
experiments were performed on the Bruker D8 Discover
diffractometer, sample holder equipped with a Gobel
mirror and a ¥4 Eulerion cradle. With the application
of Gobel mirror, the incident X-ray beam was highly
parallel. The divergent angle of X-ray beam was approx-
imately 0.04. As shown in Fig. 2, the sample was able
to rotate around three axes including: the normal to the
surface of the sample; the axis perpendicular to the
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4, Results

Fig. 3 showed the diffraction patterns of the sample
by the conventiona /26 scanning. It should be noticed
that a ‘new’ peak at approximately 425@ould be
observed in the annealed sample, which didn’t corre-
sponded to phases in the Nfd binary phase diagram
as shown in Fig. 4. This ‘new’ diffraction peak had also
been observed by Lin and Spruiell in 1971, who reported
a possible miscibility gap or long- or short-range order-
ing at low temperatures in the Ni—-Pd binary phase
diagram [12]. There are four diffraction peaks in the
XRD pattern of the annealed sample as shown in Fig.
3. Rigidly, those diffraction peaks, except pure Pd
diffraction peak at 40.1% that correspond to solid
solutions(S.S) with different lattice parameters cannot
be considered as the pure Pd or pure Ni diffraction
peaks. For the aim of convenience, the ‘Pd’ peak,
‘Solution’ peak and ‘Ni’ peak are used here to label the
Detector : N(d) peaks from the low angle to the high angle, respectively.

! The corresponding solid solutions were named as: ‘Pd’
S.S.; ‘Solution’ S.S.; and ‘Ni’ S.S.

The original experimental X-ray diffraction patterns
are shown in Fig. 5, which were carried out using
asymmetric diffraction geometry. With increasing inci-
dent angle, the X-ray penetrated deeper in the sample
and the information from the deeper sub-layers further
contributed to the measured XRD diffraction patterns. It
was shown that with the increasing incidence angles,
the relative integrated intensity of ‘Pd’ and ‘Solution’
ctgw =[coSn/sina —sin(m + a)]/cogm + o) peaks increased while that of the ‘Ni’ peak decreased.

Each experimental XRD pattern is the sum of the

diffraction information of all the sub-thin layers includ-
1c0sp=sin(n— @ + ) /simm ing the influence of absorption. From these patterns, the
average and qualitative information along the depth can

Fig. 2. The diffraction geometry of the Bruker D8 Discover
diffractometer.

plane defined byK; and K,; and the horizontal axis
formed by the sample surface intersecting with the plane
defined by K, and K,. These correspond to rotation
anglese, o, {5, respectively, and for spherical geometry,
so there are:

cosl =cosn/cogn— @ + ag) (8)

where v is the angle between the axesand n; « is { Pd(111) As-deposited
the original incident angle when the plane defined by 40.15°

K; and K, is perpendicular to the sample surface. Thus
if the incident anglex is designated, the corresponding
rotation anglesp, @ and s can be calculated, respec-
tively, according to Eq.(8), ensuring the proposed
method can be carried out on the D8 Discover

Ni(111)44.54°

l

Intensity(CPS)

diffractometer. Pd(111) | "Pd"40.70° Annealed at
The measurements were carried out with asymmetric 40.15° 380°C, 30min
Bragg diffraction scheme shown in Fig. 1. The angle WNi"44.48°

ag in Eg. (8) is 0.8. The other 10 incident angles were
from 1.0 to 19, M=11. It was also assumed that the "Solution"42.56°
annealed sample was divided into 11 analyzing sub-thin l
layers in absorption depth scalg=11. o T

The RBS experiments were carried out in a standard s 40 p 2 23
scattering configuration with the incidence of 3.023- 20(Degree)
MeV He™ ions. The backscattering angle was °L&ad
the ion beam spot size was XA.0 mnt. Fig. 3. Conventional XRD patterns of Jd films.

44 45 46



202

Fig. 5. The XRD experimental patterns of the/Rd sample annealed at 38for 30 min. The incident angle increases from 0.8 to 19

Temperature °C
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Fig. 6. The resolved XRD patterns of the/Rid sample annealed at 380for 30 min. The M=N=11 and D=0.023.

be obtained, but the information concerning a certain analyze the interdiffusion and reaction mechanisms dur-
sub-thin layer cannot be represented from them directly. ing the annealing process.

Fig. 6 shows the calculated patterns from the experi- Based on the resolved patterns, the phase depth profile
mental diffraction patterns, which was deduced from the can be calculated according to the following procedure.
Eqg. (6) with the mathematical algorithms described For each calculated pattern, the integrated intensity for
above. The resolved patterns, which are the XRD pat- each diffraction peak was obtained after the peak overlap
terns corresponding to a sub-thin layer at different separation. Vegard’'s Law was used to calculate the
depths, are basically in accordance with the sampleconcentrations of Ni and Pd in each phase or S.S from
structures. In our work, the film was divided into 11 diffraction data. The structure factdr® for an FCC
thin sub-layers. Since the total thickness was 225 nm, structure is 16f2 wheref is the atomic scattering factor.
thus the thickness of each sub-layer was approximatelyln a disordered alloy or solid solution the average atomic
20 nm. scattering factor for the alloy is determined from

From the resolved XRD patterns, more quantitative , _ .-,
and direct information about structure and phase at thef‘“’ L ii(AFrac£f)

certain depth can be accessed. In Fig. 6, it showed thatyhere f,, is the average atomic scattering factor of the
the relative intensity of ‘Ni’ peak, which represented the a“oy and AtFrag an(ya are the atomic fraction scat-
‘Ni* S.S. containing more Ni, decreased monotonically tering factor of element in the alloy. Thus, according
with increasing depth. Moreover, the three S.S. peaksto the method mentioned above, the volume fraction of
shifted to lower B angles with the increase of the each phase can be determined. Then the phase depth
depth. The reason for the phenomenon was the |attiC6proﬁ|e can be calculated, as shown in Fig. 7.

parameter of Pd was larger than that of Ni, and the |t is clearly shown in Fig. 7 that in the surface layer

concentration of element Pd increased from the surfaceof the sample the concentration of the ‘Pd’ S.S. was
to the Meta) SiO, interface. All these analytical results approximately 5 at.%. With the increasing depth, the
are consistent with Vegard’s Law. The occurrence of the concentration of ‘Pd’ S.S. increased, and at the depth of
‘Solution’ peak is of interest. The detailed analysis 220 nm the concentration was approximately 70 at.%.
about the structure and the formation conditions of this The lattice parameter of the solid solution did not vary
solid solution is under investigation and will be dis- significantly with depth. Ni and Pd both have FCC

cussed in a subsequent paper. It is clear that the pealstructures with lattice parameters of 3.523 and 3.867 A,
intensities, peak positions and line profiles of the certain respectively. Considering the significant differences in
sub-layers can be separately resolved in the XRD pat-lattice parameter and the lack of variation in the lattice
terns. The resolved patterns are useful to quantitatively parameter with depth would indicate that the composi-
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Fig. 7. The phase depth profile of the /Rid sample annealed at 38for 30 min calculated from the resolved XRD patterns.

tion of the solid solution did not change significantly mately 160 nm, which was consistent with the result

with depth. According to the phase depth profile, the from the XRD phase depth profile. From the resolved

depth was approximately 160 nm, where the elementalpatterns, the structure and phase information about the

concentration of Ni was equal to that of Pd. certain depth sub-thin layer can be achieved, however,
To compare the results, the element depth profiles of only the element depth profile can be obtained from the

the sample were calculated from the RBS spectrum, asRBS experimental spectrum.

shown in Fig. 8. Comparing Fig. 7 and Fig. 8, the curve

trends are similar. In the RBS element depth profile, the 5. Conclusions

point of intersection of the two curves was approxi- In this paper, the CDP method was developed and
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Fig. 8. The element depth profile of the Mid sample annealed at 38for 30 min calculated from the RBS spectrum.
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