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A modified Bragg law for straightforward determining the film thickness by low-angle X-ray reflection was derived

based on the geometrical optical theory. We showed that this modified Bragg law and its inference formulae could be

used to accurately determine the thickness of the monolayer or multilayer film. Furthermore, the modified Bragg law for

determining the superlattice period presented earlier by others can be derived from the above modified Bragg law. The

similar inference formulae were also given. The precision in determining the film thickness and/or superlattice period

by the above formulae was discussed.
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I. INTRODUCTION

In film physics, the film thickness is often desir-
able, both in applied and basic researches, to be deter-
mined rapidly and accurately. So far, the most widely-
used methods to determine the film thickness have
been the X-ray reflection or diffraction techniquel—3!
because they are nondestructive and reasonably accu-
rate. For example, the positions of interference fringes
observed in a reflectivity curve are used to determine

the film thickness by the modified Bragg equation!*!
sin?0; = 6% + (n; + An)2\%/4t?, (1)

where 6; is the position of the maximum or minimum
of the observed ith interference fringe, 6. the critical
angle for total reflection, n; an integer, An = 1/2 and
0 are for the maximum and minimum respectively, and
A is the X-ray wavelength. The film thickness can be
determined from the slope of sin® §; versus (n; +An)?
curve. The superlattice period can be accurately de-
termined by a modified Bragg law suggested by Sug-

awara et al.l’]
d=A|1—(1—ng,)/sin?8,], (2)

where d = nA/2sinf,,, A is the superlattice period,

and ngr, the average X-ray refraction index of the su-

perlattice. However, the determination of the film
thickness (or superlattice period) by Eq.(1) (or Eq.(2))
usually needs all the interference peaks (or diffraction
peaks). Moreover, it is rather difficult to determine
the thickness of thicker films by Eq.(1), because of
the difficulty in judging the interference order close to
the critical angle.

In recent years, the computer simulation of X-ray
reflectivity or high-angle X-ray diffraction was widely
applied to thin films.’®~71 The accurate and detailed
structural information can be obtained by modeling
the film structures and comparing the calculated X-
ray intensity of the modeled structures with experi-
mental data. Usually, it is necessary to consider many
parameters and spend much time to do the simulation
work.

Considering that the kinematical approach has
the advantage of computation speed over the more
rigorous dynamical theory, in this paper we derived
a modified Bragg law and its various forms in con-
junction with the geometrical optical theory. One can
conveniently determine the film thickness by the mod-
ified law and its inference formulae. The precision can
be guaranteed in comparison with the reflectivity cal-

culation or other methods.
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II. OPTICAL THEORY OF FILM determining the film thickness, e.g.
According to the geometrical optical theory, the (1) D= (k—m)A ()

optical path difference [ between the X-ray beams re-
flected at the film surface and the substrate is given
by

l=2nDcosa (3)

where n is the refractivity, D the film thickness and «
the refraction angle. For multilayers, [ is represented
by

l= ZZnidi cosa; = 2nD cos a, (4)
where, n;,d; and «; are the refractivity, film thick-
ness, and refraction angle of each sublayer respec-

d.:
Z Eznz cos a;, in which n is the

tively; ncosa =

(2
mean refractivity of the multilayer, and D the total
thickness.

With Snell law, ng sin g = nsin a(ng = 1 for air),

l =2D+/n2 — cos? 6, (5)

where 6 is the X-ray incidence angle.

we have

As is well
known, the interference occurs in the case of [ = mA
(m=1,2,3...). Then we have

(1—n?)

L=Dy/———->=,
sin? 6,,

(6)

where L = mA

- . In general, the dispersion part
2sinb,,

of the complex refractive index is § ~ 107° for hard
X-ray, one can reasonably consider 1 — n? =~ 26.
Then, it can be seen that Eq.(6) is in accordance with
the equation used by Kiessigl8!. Plotting L? versus
sin~26,,, one can conveniently determine not only the
film thickness by extrapolating the line to the L? axis,
but also the mean refractivity from the slope.

In the case of 1 —n? < sin?#,,, by expanding the

square root, Eq.(6) can be further written as
L= D[1—(1-n?)/2sin?8,,]. (7)

According to Eq.(7), the film thickness can be de-
termined directly by extrapolating the L ~ sin™26,,
curve to the L axis, which has the advantage of speed
over Eq.(1) which determines the film thickness from
the slope of sin® 6; ~ (n; + An)? curve. From Eq.(7),

A
one can clearly see that the Bragg law, D = m ,
2sinb,,
o ) 1—n?
is valid only in the case of ———— < 1. Further-
2sin” 0,,

more, from Eq.(7), one can obtain various forms for

2(sin 0 in6,,) (1+ 1 - n? ’
sinfy, — sin6,, O e———

k 2sin 0, sin 6,
where k and 6, are the interference order and an-
gle respectively.  Theoretically, when 1 — n? <
sin 0y, sin 6,,,/50, the film thickness can be determined

by
B (k—m)A
~ 2(sinfy —siné,,)

(9)

with smaller error. This formula is very helpful for
determining the thickness of thicker films because it
is usually rather difficult to accurately judge the in-
terference orders.

(2) Since the film thickness (D,,i) determined
by Eq.(9) is larger than the real thickness (Dyea)) by

1— 2
" , while the film thickness D,,, (or Dy) di-

2sin 0y sinb,,

A
rectly determined by mn (o ) is smaller

2sinb,, ' 2sin 6y,

—n? 1—n
T .

sin? 6,, 2sin? 0,
Thus, the average thickness calculated from the val-

A kX
ues given by Eq.(9), 5 m o and
sin 0,,

2
than the real thickness by

will have a

2sin 6y,
much smaller error

Dm + Dk + 2Dmk
Daverage - 4 .

(10)

(3) If the interference order and angle are known,

the film thickness can also be determined by

W=7
24/sin? 0, — sin?4,, .

For superlattices, the total film thickness D =

D= (11)

N A, where N is the number of the superlattice pe-
riod and A the superlattice period. It is reasonably to
consider that the first Bragg peak corresponds to the
Nth Kiessig interference peak. Then, from Eq.(7), we
obtain

Ls = A[l — (1 —n?)/2sin” 6], (12)

where Lg=MM\/2sin 0y, 05 is the Bragg peak posi-
tion due to the superlattice structure, M the order
of Bragg peak. Usually 1 — n? ~ 26 = 2(1 — n)
for hard X-rays, one can see that Eq.(12) is in good
agreement with the modified Bragg law presented by
Sugawara et al.l’l Similar to Eq.(9), when 1 — n? <
sin O sin 7 /50, the superlattice period can also be
directly determined by

(K — M)A
sin g — sin Oyy)

Axm = o (13)
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with smaller error, where K and 6, are the Bragg
order and the angle of low-angle X-ray diffraction re-
spectively. Certainly, the superlattice period can also
be determined by

MWEK? — M?

A =
2\/sin2 O — sin? 0y

(14)

or given by an average of the values from Eq.(12),

MM KA
Au <_ 25in9M> and Ax <_ 25in9K>'

. EXPERIMENTAL

Tantalum monolayer film and [Co/Pd]sy super-
lattices were deposited on water-cooled single-crystal
silicon substrates by magnetron sputtering separately.
All of the samples were prepared with a working
pressure of 0.55 Pa and a background pressure of
3.7 x 107° Pa.
performed on a diffractometer attached to a 12 kW

The reflectivity measurements were

rotating anode X-ray generator.

IV. COMPARATIVE DISCUSSION

Curve A in Fig. 1 is the reflectivity curve of a Ta
monolayer film. One can see several oscillation peaks
due to the interference between the X-ray beams re-
flected at the film surface and the substrate. The film
thickness was determined to be 13.08nm, 12.96nm,
and 12.98 nm by using the L ~ sin=24,,, curve (Fig.2),
Eq.(10) and Eq.(11) respectively. By simulating the
reflectivity curve (the dashed curve in Fig.1), we de-
termined the film thickness to be 13.2nm. Compar-
ing the value from the simulation with the above re-
sults, we can see that the difference is within 2%.
This indicates that the film thickness can be deter-
mined accurately by L ~ sin~?6,, curve or Eq.(10)
or Eq.(11). It is noted that the film thickness deter-
mined from Eq.(1) is 13.61nm, obviously larger than
any value above. This may be caused by the approx-
imation in deriving Eq.(1). It should be pointed out
that when using Eq.(10) or Eq.(11) to determine the
film thickness, it is better to choose the interference
peaks far from the critical angle. This is because the
interference peaks close to the critical angle may cause
larger error. For instance, the film thickness deter-
mined from Eq.(11) using the second and third Bragg
peaks is 12.27nm, about 7% smaller than the simula-

tion value.

log I/arb.units

26/(°)

Fig.1. The reflectivity curves of Ta monolayer, where the
dashed curve is the calculated result of curve A Curve B
is a calculated reflectivity curve of 60 nm Ta film.
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Fig.2. The curve of L versus sin~26,,, in which the
solid curve is the linear fitted result.

For the thicker film, in general, it is rather diffi-
cult to judge the interference order because the inter-
ference peaks close to critical angle cannot be clearly
seen. As an example, curve B in Fig.1 shows the cal-
culated reflectivity curve of Ta monolayer film with a
thickness of 60 nm (there will impossibly be so obvious
interference peaks close to critical angle in actual re-
flectivity curve). k and m are determined to be 51 and
63 directly from the curve respectively. However, it is
not the case. According to Eq.(9), the film thickness
was determined to be 60.81 nm from the kth and mth

Taking this value, we obtained

). Since the thickness

interference peaks.

A
m=66.7 by Bragg law (m_
2sin6,,
determined directly by Bragg law should be a little
smaller than that determined by Eq.(9) in small angle

region, it is reasonable to infer that m should be 66,
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then k should be 54. After knowing the interference
orders, the thickness was further determined to be
60.41nm, 60.46 nm, and 60.38 nm by the L ~ sin=26,,
curve, Eq.(10) and Eq.(11) respectively, all of which
are different from the real thickness within 1%, in-
dicating that the film thickness can be determined
more accurately by the present method. Furthermore,
the film thickness was determined to be 60.75 nm by
Eq.(1).

(60nm), it can be seen that the value determined by

In comparison with the real film thickness

Eq.(1) has a larger error than those determined by the
L ~ sin™28,, curve, Eq.(10) and Eq.(11).
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Fig.3. The reflectivity curve of [Co/Pd]20 superlattices.

Figure 3 is the low-angle X-ray diffraction re-
sults of magnetron-sputtered [Co/Pd]2o superlattices.
Three Bragg peaks corresponding to 26 = 2.03°, 3.72°
and 5.46° are seen in the curve. Using Eq.(2), the su-
perlattice period (A) is accurately determined to be

4.92nm by extrapolating the Lg ~ sin™28y curve

to the Lg axis (not given here). On the other hand,
the Bragg law directly gives the values of the period,
Ay = 4.74nm and A3 = 4.85nm and A33=5.08 nm
from the second and third Bragg peaks, respectively.
As expected, the value directly determined by the
Bragg law is smaller than the above value 4.92nm
(within errors 3.7% and 1.4% respectively), while the
value determined by Eq.(13) is higher (within error
3.4%). However, the superlattice period is determined
to be 4.94 nm from the average of A5, A3 and As3, only
0.4% different from 4.92nm. The superlattice period
determined by Eq.(14) is 4.93nm from the first and
third Bragg peaks. The difference among the above
values is within 1%, indicating that the superlattice
period is also determined accurately by Eq.(14) or the
average of Ay, A3 and Ass.

It should be pointed out that the most effective
method for accurate determination of the film thick-
ness or superlattice period is the extrapolation of the
straight line L ~ sin?6,, or Lg ~ sin? 6y, because
such a procedure which uses all the experimental data
But in the case that at

least two well-defined peaks far from the critical an-

makes error the smallest.

gle are observed, it is also effective to determine the
film thickness or superlattice period by the inference

formulae derived from the modified Bragg law.

V. CONCLUSION

We have derived a modified Bragg law and its
various forms based on the geometrical optical the-
ory. One can accurately determine the film thickness
and/or superlattice period by this modified Bragg law
and its corresponding inference formulae. The accu-
racy of the result is extremely satisfactory compared

with the reflectivity calculation or other methods.

REFERENCES

[1] A. Segmuller, Thin Solid Films, 18(1973),287.

[2] M. Mobus, N. Karl, Thin Solid Films, 215(1992),213.

[3] Zhi-giang Wu, Xiao-dong Lu, Wen-yong Huang, Hong-tu
Liu, Huai-cheng Jin, Chang-sui Wang, Gui-en Zhou, Zi-qin
Wu, Acta Physica Sinica, 36(1987),591(in Chinese).

[4] L. V. Azaroff, Elements of X-ray Crystallography (Mc-

Graw-Hill, New York, 1968), Chapter 6.

[5] M. Sugawara, M. Kondo, S. Yamazaki, K. Nakajima, Appl.
Phys. Lett., 52(1988),742.

[6] M. F. Toney, S. Brenna, J. Appl. Phys., 66(1989),1861.

[7] E. E. Fullerton, I. K. Schuller, H. Vanderstraeten, Y.
Bruyynseraede, Phys. Rev., B45(1992),9292.

[8] H. Kiessig, Ann. Phys. (Leipzig), 10(1931),769.



