Volume 9, Number 4
1009-1963/2000/09(04)/0284-06

CHINESE PHYSICS

April, 2000
(© 2000 Chin. Phys. Soc.

CHARACTERIZATION OF POLYCRYSTALLINE GRADIENT THIN
FILM BY X-RAY DIFFRACTION METHOD"

L1 BIN(ZE ), Tao Kun(fg ), Liv XiNG-TAO (X% ),

Mriao WEI(E#§ ), FENG Tao(¥5

%), YaNG NING(B  T°),

and L1u BAI-X1N(HI & #r)
Department of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

(Received 22 August 1999)

A direct method is proposed to quantitatively characterize the structural depth profiles emerged in the polycrys-

talline thin films based on the information obtained by X-ray diffraction (XRD) with various incident angles and treated

by a numerical procedure known as the constrained linear inversion. It should be noted that the proposed method was

neither sensitive to the random noise appearing in experiment nor to the error originated from the measured thickness

of the specimen. To testify the validity of the method, XRD measurements were carried out on a specially designed

Pd/Ag bilayer sample, which was annealed at 490 °C for 20 min, and the depth profiles were accordingly calculated

through resolving the obtained XRD patterns. The elemental concentration depth profile of the Pd/Ag bilayer sample

was in turn calculated from the resolved patterns, which was in good agreement with those obtained by Auger electron

analysis on the annealed sample.

PACC: 6110F; 6822; 0650
I. INTRODUCTION

Study of sample surfaces and thin films is a grow-
ing and important application of the X-ray diffrac-
tion (XRD) technique. Considerable effort has been
directed to the characterization of surface and thin
films over the past decades. For the polycrystalline
thin films, some methods were presented to obtain the
depth profiles emerged in the thin films by XRD.! 9
In this respect, however, since the analysis process is
a typical ill-posed inverse problem in mathematics, to
develop a method retrieving the real depth profile di-
rectly and quantitatively has been somewhat difficult.

We report, in this paper, the principle of a pro-
posed method to directly obtain the structure depth
profiles emerged in the thin films featuring gradient
structure. The main effort was to overcome the above
mentioned problems. The proposed method was tes-
tified by comparing the calculated depth profiles of
a specially designed Pd/Ag bilayer sample after ther-
mal annealing with those obtained by Auger measure-

ments.
II. PRINCIPLE

The fundamental principle of depth profiling
can be found in some previously published litera-
ture.'9=14] Briefly, based on our previous works, the
present method, namely the asymmetrical diffrac-
tion method was used to measure the diffraction
patterns and the layout of the method is shown in

Fig.1.[1%11] For a thin film sample with preferred ori-
entation, the diffraction ability of each infinitesimal
thin layer at depth z is represented by I(z,#0,S),
where the vector S is the normal to the diffraction
plane in the sample. As to the diffraction scheme

shown in Fig.1, the sample rotates around the axis S

Sample

Fig.1. Asymmetrical Bragg diffraction scheme. The sam-
ple is rotated around axis S.

and in this way the variation of the rotation angle cor-
responds to the change of the incident angle. Conse-
quently, the grains with the same orientation are mea-
sured when the incident angle varies. The formulae of
ZRD intensity can therefore be expressed as!''1?!

Iobs(0,08) = A(9,0,S) - /000 I(x,6,S) -exp(—oY)dz,
(1)
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and

YY) = [ uad )
o=0(¢,0,S)=1/[cos(d — ay)sinb

— cosf cos psin(f — ag)] + 1/[cos(f

— ag)sinf + cosfcospsin(f — )],  (3)

where ¢ is the diffraction geometrical factor for the
preferred orientation samples. ¢« is the original in-
cident angle while the plane defined by K; and K f
is perpendicular to the sample surface; ¢ is defined
as the rotation angle when the sample rotates around
the vector S from the original position. Ions(¢, 0, S) is
the diffraction pattern obtained from the experiment,
w(x) is a linear absorption coefficient of the thin layer
at an arbitrary depth x. The factor A(¢,0,S) can
be obtained from the measurement of a calibration
sample. The Y (z), which is defined as the absorption
depth, can be used as a depth scale directly.l'0=12] To
obtain I(z,0,S), i.e. the diffraction ability at depth
2 or the structure information depth profile, Eq.(1) is

transformed into

D
i) = [ 1) ep-oviay, ()
0

where I, . = Ions /A, I*(Y) = I(Y (z))/w(x). D is the
total thickness of the thin film in absorption depth Y.
If the substrate contributes mostly to the formation
of the background intensity, or it contributes little to
the net intensity of the diffraction peak, D should be
used in Eq.(4) instead of infinite thickness. To resolve
Eq.(4), the constrained linear inversion method was
employed in this ill-posed inverse problem.

Assuming the function I*(Y) is bounded and
continuous in the depth range considered, it can
be expressed approximately by a piece-wise linear
function!12-14

N
ry)=> Ii C(Y),
k=1

where
Y =Yi1)/ (Vi = Y1), Vi1 <Y <Y,
Cr(Y)=19Q Yrp1 =Y)/(Yer1 = Ya), Yu <Y <VYiq,
0, elsewhere,

(5)
where N is the total number of the divided layers,
and the coefficients I} are the heights of I*(Y") at ab-
scissa values Y}, in the absorption depth scale. Substi-
tuting Eq.(5) into Eq.(4) for each measured intensity

[0i, 1% (0:)], where ¢ = 1,2,---M, and M is the to-
tal number of the measured patterns, leads to a final
result

[Cl{a} = {b}, (6)
where Cj, = fOD Cr(Y) - exp(—0;Y)dY, ar = I}, and
b; = I,(0;). The solution of Eq.(6) is obtained by the

constrained linear inversion method as follows*2:13]
{a} = (C"C +pH)'C"{b}, (7)
and the matrix of linear constraint is
ri. -1 0 07
1 2 1 i e o0
0 —1 2 v ver oo 0
H =
0 v o ... 2 1 0
0 v e .. 1 92 _1
T RS B )

Here ( represents the relative weight of the linear con-
straint term, which must be adjusted to obtain a rea-
sonable solution for the function I*(Y"). The choice of
0 is actually a trade-off between resolution and sta-
bility of the numerical inversion process.

The resulting function I*(Y") can therefore be ob-
tained, and it represents the diffraction pattern in
the label of the absorption depth Y. The absorption
depth Y can also be used as a depth scale and its
characteristics resemble the sputtering time in Auger
electron spectroscopy(AES) sputter depth profiling
analysis.['!] Tf the linear absorption coefficient u(x) is
a constant, Y will be proportional to the real depth.
Generally, the concentration of the existing phases in
each analyzed layer can be computed from the resolved
patterns. The p(z) and the structure depth profiling
in real depth scale can thus be calculated.

. EXPERIMENTAL PROCEDURE

A Pd(200nm)/Ag(200nm) bilayer was prepared
by depositing Pd and Ag onto a SiO3/Si(100) sub-
The
SiO5 layer on the Si surface was used to prevent the
reaction between Si and the Pd/Ag bilayer. The bi-
layer sample was annealed at 490 °C for 20 min. Since

strate under a base vacuum of 1.3 x 10~ Pa.

the Pd-Ag system is essentially of a complete solid
solution type, interdiffusion would take place in the
bilayer during thermal annealing, resulting in the for-
mation of Pd-Ag solid solutions, of which the lattice
parameters changed gradually along the depth.

The XRD measurement was performed with a
diffractometer D/max-rB with Cu K« radiation. The
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automatic sample holder was made to accord with the
asymmetric Bragg diffraction scheme shown in Fig.1.
Parallel beam method was employed in the analysis.
In the measurement the (111) peak lines of the bi-
layer film were used. In the step scanning the step
width of the diffraction angle A26 was 0.02°, and the
counting time was 1 second. The angle o in Eq.(3) is
1°. Twenty rotation angles ¢ corresponding to twenty
incident angles from 1° to about 16° were used to col-
lect 20 original patterns, i.e. M=20. The tested sam-
ple was divided into twenty analyzing layers using the
scale of absorption depth, i.e. N=20. The proposed
method was executed to calculate the diffraction abil-
ity.

IV. RESULTS

A. Testing with designated profiles

To test the accuracy of the numerical procedure,
the following diffraction ability profiles I*(Y) were
designated:

I7 (Y) = exp(—2Y/D) x 80000,
I(Y) = (1 — exp(—2Y/D)) x 80000 + 20000,
{ 80000, Y < D/2

I5(Y) =
) 20000, Y > D/2

where D is 0.095, determined by Rutherford back scat-
tering(RBS) experiment of the sample. These func-
tions have different line shapes, which provide useful
information for testing the sensitivity and validity

B8=0.001

8x10%

I#

obs

6x10% (o) with £5% random noise added

4x10%

2x10%

0.00 0.02 0.04 0.06 0.08 0.10
Y,o

(a)

of the numerical procedure. In Eq.(7), ay = 1°,¢ =
0°, 2°,4°,6°, 9°, 12°, 15°, 18°, 21°,25°,30°, 35°,40°,
45°,50°,55°,60°, 70°,80°,90°, M=N=20; and twenty
data points at 20 = 40° were employed in the testing

process.
In the test, the diffraction intensity profiles
I}, (o) were firstly calculated according to Eq.(6), and

then a random error was added to the calculated in-
tensity profiles. By the present method, the calculated
diffraction ability profiles IX(Y") were retrieved accord-
ing to Eq.(7). The deviation of these two profiles was
defined as

N

N
Nerr = Z(I:'L - 11*)2/ ZI;Q? (9)
=1

i=1

where I, and I; are respectively data points of pro-
files I*(Y) and I*(Y) at the ith layer. By the com-
parison of the retrieved profiles I*(Y") and the initial
given profiles I*(Y'), or by the shape of the error lines
and the values 7,,,, the retrieved effects of the method
were clearly shown.

Figure 2 shows the retrieved effects on profile
Iy (Y) for the cases that different random noises were
added to the calculated I, (o). In Figs.2(a) and 2(b)
the random noises are £5% and +£10%, respectively.
It was found that to allow a reasonable retrieval ef-
fect, different random noises required different suit-
able constraint term (3, and the present method func-
tioned well under the condition of at least +10%
random noises. Moreover, the larger the random noise

8x10% B8=0.05

Retrieved I} (Y)

6x10* Lobs (o) with £10% random noise added

4x10% I
2x10%
Lo P
0 e st e I
1 1 L 1 1 1 n
0.00 0.02 0.04 0.06 0.08 0.10
Y,o
(b)

Fig.2. Testing the procedure on known intensity ability profile I7(Y"). The unit of the ordinate is arbitrary.
(a) For the calculated 1% (o) to which a +5% random noise is added, the deviation n,,, is 5.9%. (b) For the

calculated I*

abs(0) to which a £10% random noise is added, the deviation 7,,, is 6.8%.
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added on the calculated I*

obs
straint term [, indicating that larger noise needs more

(o), the bigger the con-

smoothing or constraint. In Fig.3, it can be seen that
different constraint terms 3 result in different retrieval
effects. As shown in Fig.3(a), if 3 is too small to con-
straint, the resulting I’*(Y") tends to be sensitive to the
quality of I, (¢) and will be oscillatory. On the other

D=0.095, 26 = 40°
10 x 10*F
8 x 10%F
ex1w0tt A& LoeetTTTTTT
ax 104k Retrieved IF(Y):
m (3=0.005, 7, = 5.3%
oo =0.00005, 7,,, = 21.8%
2 x 10 <o B=5, Mg = 23.3%
1 I 1 1 1 1+ 1 L
0.00 0.02 0.04 0.06 0.08 0.10
Y, o

(a)

hand, if 3 is too big in constraint, the result would be
very stiff and the retrieved profile I*(Y") will be close
to a straight line. In Fig.3(b), it is shown that the
range of suitable 3 is relatively large, within which
the retrieval effect changes very slightly, ensuring a
relatively flexible choice of 3.

. [] L] L3
D=0.095, 26 = 40 T
e —
8 x 10%F R
m -~ -
6 x 104} - g
¥ L(Y)
’, !'/ Retrieved I} (Y):
ax 104k yan ® B=0.005, 7, = 5.3%
I L PPN $=0.0006, 0., = 7.2%
)4 ---- B=06, Ny = 6.2%
2 x 10* \ . . . , ) .
0.00 0.02 0.04 0.06 0.08 0.10
Y,o
(b)

Fig.3. Testing the procedure on designated intensity ability profile I7(Y") with different linear constraint term

B. A+ 5% random noise is introduced to the calculated I*

abs(0), and the unit of the ordinate is arbitrary. (a)

In case that 3 is too large or too small, the resulting retrieved I¥(Y") is either oscillatory or stiff. (b) The range

of the suitable § to obtain a reasonable retrieval is relatively large.

For thin films, the film thickness may not be
known exactly and the total absorption depth D is
probably uncertain either. Figure 4 shows that in the
case of adding 20% error to D, i.e. D=0.114 and a
+5% random noise is added to I, (o), the retrieved
profile is also in good accordance with the given pro-
file. The above discussion indicates that the method
is not sensitive to D.

As shown above, the method was applicable to the
gradient profiles, as shown in Figs.2—4. In the comput-
ing procedure, it has been found that a suitable value

D=0.114, 26 = 40
B=0.0015

I3 (o) with £5% random noise added

4x10*F Calculated I}, (o)
Retrieved I (Y)
2x10*F
Error line I3(Y)-I;(Y) L (Y)
ob— ﬂ/§ —
N LTy N 1 ' 1 N 1 N
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Y,o

Fig.4. Testing the procedure on designed profile I7(Y)
with a 20% error added to D and a +5% random noise
added to I (o). The unit of the ordinate is arbitrary.
The deviation nerr is 8.1%.

of B should be as small as possible in the case that
no oscillation happens in the retrieved profile. More-
over, the retrieval effect changes very slightly within
a relatively large range of suitable (.

However, this method is invalid for samples of
stepwise structure profile due to the influence of the
constraint term 3. As shown in Fig.5, though no error
is introduced into the calculated I’} (o), the retrieval
effect is far from satisfactory, no matter what value of
[ is. It is therefore concluded that the method is not
applicable to the sample with sharp interface.

8 x 10*

L(Y)

6 x 10*
-

Retrieved I} (Y)

Calculated I, (o)

4x 10

2 x 10

Error line I (Y)-I; (V)

-2 x 10*

0.00 0.02 0.04 0.06 0.08 0.10

Fig.5. Testing the procedure on known profile I3(Y'). The
unit of the ordinate is arbitrary. D is 0.095 and 260 is 40°.

No random noise is added to the calculated I* (o). The

obs

deviation neyr is 22.2%.
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B. Application to the measured intensity pro-
files

The original intensity patterns measured by the
asymmetric method are shown in Fig.6. The X-ray

490 °C

Ag(111) peak #=90°  pg(111) peak

¢=00

38.0 38.5 39.0 39.5 40.0 40.5 41.0
26/(°)

Fig.6. The measured XRD patterns of the Pd/Ag bilayer

sample annealed at 490 °C for 20 min. The rotation angle

¢ increases from 0° to 90° for these measured patterns,
and the information depths of the patterns increase from
70nm to 1 pum.

information depth of the measurement was controlled
by varying the rotation angle, ¢, and it ranged from
70nm to 1 um. It can be shown that there were inter-
diffusion between the surface layer of Pd and the inner
layer of Ag in the annealed sample. Figure 7 shows
the computed patterns of each thin layer of the tested
sample by the present method. It should be noted that
the resolving process was performed along depth for
each 26 point, separately, and then the computed pat-
terns of each layer were plotted instantly without any
data smoothing. In the computed procedure, a com-
mon constraint term (3 for all the I*(Y) data along 26
points was determined to allow just no oscillation and
no negative points in each resolved profile. In Fig.7,
the constraint term ( is 8.0, which is an appropriate
value.

From Fig.7, it can be shown that there are two
solid solutions with different lattice parameters in each
layer at different depth, indicating that the structure
of each layer parallel to the surface is not homogeneous
microscopically. Besides, with the increase of depth,
the position shift of the Pd(111) peak is smaller than
that of the Ag(111) peak, and the intensity of it de-
creases more obviously than that of the Ag(111) peak.
This is due to the fact that it is easier for Pd to diffuse
into Ag to form Pd—Ag solid solution than for Ag to
pervade into Pd to form Ag—Pd solution.

As shown in Fig.7, the computed patterns are
continuous, smooth and neat so that they can pro-

vide some detailed and precise structure informa-
tion. Furthermore, the linear absorption coefficient
of Pd(2290/cm) is very close to that of Ag(2470/cm),
therefore the absorption depth Y is approximately
proportional to the real depth. Consequently, each
resolved pattern in Fig.7 reflects the real structure in-
formation of each layer of 20nm thickness. Compara-
tively, in Fig.6 the measured patterns only reflect the
information depth profiles of the sample surface about
1 pm thickness.

| |
Ag(111) peak Pd(111) peak A=80

Surface layer A
- A\

/

Inner layer

Intensity/arb.units

38.0 38.5 39.0 39.5 40.0 40.5 41.0
26/(°)

Fig.7. Results of the structure depth profiling for Pd/Ag

bilayer sample annealed at 490 °C for 20 min. The com-

puted patterns correspond to the absorption depth Y

increasing homogeneously from 0.005 to 0.1, in which
M = N =20, D=0.1 and (=8.0.

V. DISCUSSION

According to the Vegard’s Law, and the integral
intensity ratio of the two peaks after peak separation,
which corresponds to the content ratio of the two
solid solutions, the elemental concentration of each
layer was calculated from the computed patterns in
Fig.7 and is shown in Fig.8(a). AES experiment com-
bined with Ar™ ion sputtering was performed to di-
rectly obtain the elemental depth profile of the tested
sample. The sputtering rate measured for pure Pd
was 2.0 nm/min and the resulting pattern is shown in
Fig.8(b). By the comparison of Figs.8(a) and 8(b), it
can be seen that the calculated depth profile is in good
agreement with that obtained by the Auger electron
measurement, confirming the validity of the proposed
structure depth profiling method.

VI. CONCLUSIONS

We have proposed a method for direct character-
ization of the structure depth profiles in the polycrys-
talline thin films. The method was employed in calcu-
lating the real structure depth profiles of a specially
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Fig.8. The elemental depth profiles of the tested sample obtained by the proposed XRD method and AES
analysis, respectively. (a) The calculated elemental depth profile of the tested sample according to Fig.7. (b)

AES elemental depth profile of the tested sample.
designed Pd/Ag bilayer sample, which was thermally
annealed to form Pd-Ag solid solutions with differ-
ent lattice constants along the depth. The concentra-
tion depth profiles calculated by using the proposed
method are in good agreement with those from AES
analysis. It is noted that the numerical algorithm em-

ployed in this study is more effective for the gradi-
ent structure than for the case with sharp interfaces.
Moreover, the present method is more suitable for an-
alyzing those samples with weak preferred orientation
than those of strong texture.
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