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Comparative results are presented for the density of Pt thin films by using grazing incidence x-ray reflectivity
(GIXR) and gravimetry techniques. GIXR results showed that the errors in the 9.96 nm Pt film are only 1.9%,
0.5% and 2.2% for the density, thickness and surface roughness, respectively. For the Pt thin films with thickness
between 5 and 100 nm, GIXR measurements are in good agreement with those obtained from gravimetry. Their
difference is within 1.5%. With the high resolution of GIXR, a slight density decrease in the ultrathin film(5

nm) was successfully detected. The factors that affect the accuracy and the reliability of density measurement

1n GIXR are also discussed.

1. INTRODUCTION

Polycrystalline metallic thin films have attracted
much interest due to their extensive applications in
electronic, magnetic, and optical devices [1-4].
Particularly, the highly reliable electrodes of metallic
thin films are required in semiconductor devices with
the ultralarge-scale integration [5]. The performance
of metallic thin films is strongly affected by their
internal and surface structures. Therefore, a highly
accurate determination of their structural parameters,
such as density, thickness, surface and interface
roughness, is becoming increasingly important.

Grazing incidence x-ray reflectivity (GIXR) has
been recognized as a rather promising technique for
the characterization of thin films in the last few years,
because of its non-destructive and quantitative
nature[7-10]. In their pioneering work, Wainfan et al.
[11] have tried to measure the density of thin copper
films, by combining X-ray reflection measurement and
chmeical determination of the mass of copper films.
Because of the limitation of their aligning precision,
the errors of the density measurement were about 10%.
In a recent paper, Schalchli et al. [12] presented the
accuracy, as high as £0.7%, of density measurement
with GIXR technique while they studied the

dependence of density as a function of the thickness

of silica thin films made by ultraviolet-induced
chemical vapor deposition. Although the measurement
accuracy has been listed and discussed in previous
studies [11-13], no result has been compared with other
direct and reliable methods. Hence, the real accuracy
and reliability of GIXR are still unknown.
Gravimetry is one of the most reliable methods to
determine the density of uniform thin films, providing
the thickness and the area of films are known. In this
work, we aim to determine the accuracy and reliability
of GIXR by comparing with the gravimetric
measurement results. It should be mentioned that the
system of Pt thin film on Si0, substrate is very suitable
for gravimetry with high accuracy, since metal Pt has
a higher density and is stable in air. We present the
density data of Pt thin films measured by GIXR, which
is found in good agreement with those obtained by
gravimetry. We conclude that GIXR has a very high

accuracy to determine density of thin films.

2. EXPERIMENTAL

The Pt thin films with the thickness of 5, 10, 30
and 105 nm, were grown on a 76.2 mm-diameter and
0.5 mm-thick ultrasmooth SiO, wafer by means of
molecular beam epitaxy (MBE) at room temperature,

respectively. The MBE system employed in this study
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was designed to achieve uniform thin films over a 76.2
mm diameter wafer with less than 0.8 % deviation in
thickness by properly adjusting the relative distance
and position between the substrate and the e-beam
guns, and rotating the substrate during deposition at
about 10 rpm. The growth temperature can be
controlled between room temperature and 1000°C. A
detailed system performance will be described
elsewhere [14]. The growth rate was about 0.10 nm
per second.

The SiO, wafers were weighed before and after thin
film deposition using a precisely calibrated micro-
balance with a sensitivity of 1 ug (MT-S, Mettler). The
weight of the samples was corrected by considering
the floating force in air. A flat-bed type scanner
operating in transmission mode was used to estimate
the area of the Pt films. The Pt deposition area was
calibrated with a scanned image of a scale. Since the
substrate is the SiO, wafer, the contrast between the
Pt film and the substrate is sufficiently high to
determine the film area.

GIXR measurements were performed by a high
resolution 18 kW rotating anode x-ray diffractometer
(Rigaku SLX-2000). The working voltage was 40kV
and current was 200mA. The X-ray beam from the
rotating anode Cu target is monochromatized by a
Ge(220) channel-cut monochromator. The X-ray
reflection intensities were collected by a scintillation
counter. To increase the resolution, an incident
collimating slit of 50 pm in width and a receiving slit
of 50 m in width were used. The sample was mounted
on a vertical sample stage as schematically illustrated
in Figuare 1. For the precise alignment of the sample
position, the sample stage is fixed on a high resolution
goniometer, which has the precision of 0.0001° for
rotating sample position ® and 0.0002° for detector

position 26. The scanning rate was 0.010°/min, and

the step size was 0.002°.

3. RESULTS

A rocking scan in total reflection area was shown in
Figure 2. During the measurement, the detector
position (20 angle) was fixed at 0.7000° and the
scanning step was 0.0001°. It can be seen that a very
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Fig.l A schematic drawing of grazing incidence

x-ray reflectivity measurement.

sharp and symmetric total reflection peak appears in
the range of 0.6374~0.6491°. The peak position is at
0.6432° and its half width is 0.0059°. A very small ®
angle deviation within £0.0003° can be obtained by
repeating alignments. [t suggests that there is a very
high accuracy in determining ® angle in the GIXR
measurements of this work.

The x-ray reflectivity spectra of Pt thin films with

thickness of about 5, 10, 30, 105 nm were shown in
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Fig. 2 A rocking scan in total reflection area, by
placing the detector at a fixed angle (0.7° and rotating

the sample.
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Fig. 3 Reflectivity spectra for the Pt thin films with
thickness of 5, 10, 30 and 105 nm.

Figure 3. It can be found that there are significant
differences in their GIXR spectra. The osciflation
frequency becomes smaller as the thickness becomes
thinner. In the 26 range of 0.5~5.0°, only two oscillation
peaks appear for 5 nm-thick Pt ultrathin film. However,
10 stronger oscillation peaks can be observed in the
region between 1.6” and 2.4° for the Pt thin film with
thickness of 105 nm. The oscillation intensity gets
lower and reaches to the same level as the noise in the
higher angle region.

Figure 4 demonstrates the normalized GIXR spectra
of both the experimental and the fitting data for the
film of 105 nm in thickness. It can be seen that the
fitting curve is quite identical with that of the
experimental one. The total intensity decays by 5 orders
of magnitude from 1.0° to 3.0°, indicating that the
sample has a rougher surface.

Table 1 summarizes the fitting results for the Pt
thin films obtained by GIXR and gravimetry. The error
was defined as the double of a standard deviation.
Every sample was measured for five times. The results
clearly show that both GIXR and gravimetry give the
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Fig. 4 Reflectivity spectrum for the 105.27 nm Pt
thin film: the circles represent the experimental data,

and the solid line represents the fitting curve.

identical density for the same sample within the error,
1.8%. The density of 105.27 nm Pt thin film is 20.30
g-cm, which is about 94% of the density of bulk
Pt(21.45g-cm™). The density of 73.98 nm Pt thin film
grown at 1073 K is 21.31 g-cm-3, which is closer to

the bulk one.

4. DISCUSSIONS
The density p of thin film materials obtained from
GIXR can be expressed as:

p=R2rmc M)/ (A NNZ+1) (1
where m is the static mass of an electron, ¢ is the speed
of light in vacuum, M is the atomic weight, € is the
elementary charge, A is the x-ray wavelength, N is
the Avogadro constant, Z is atomic order of element,
f” is the real section of scattering factor [15], and 6 is
the real section of refractive index. The refractive index
can be commonly expressed as n=1 - & - if}. § is
proportional to the square of the critical momentum-
transfer vector k ?,

k = (4n/A) sin(8 ) 2)
where 6_ is the critical angle. Seen from equation (1)
and (2), the density accuracy of GIXR measurement
is mainly affected by the determination of 8_ value.
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Table I The structural parameters of thin Pt films as measured by GIXR and gravimetry

X-ray reflectivity

Gravimetry

T(K) | density(g/cm®) density
percent
to bulk Pt

thickness  roughness

density(g/cm®) density
(nm) (nm) percent
to bulk Pt

18.85+0.35 87.8%
20.28+0.39 94.5%
20.20+0.35 94.2%

sample | 300
sample 2 300
sample 3 300

sample 4 300

sample 7 | 1073 21.31+0.30 99.3%

30.1120.20  1.1540.03

20.3020.37 94.6% 105271029 2.11%0.05
73.98+0.22 1.6840.03

18.60£0.60  86.7%
20.15£030  93.9%
19.90£0.16  92.8%

20.01£0.16  93.3%
21.14+0.20  98.6%

5.02+0.02  0.90+0.01
9.96+0.05 0.91%0.01

The errors are defined as the double of standard deviation.

T represents the growth temperature of Pt films.

The 8, value was optimized by the Als-Nielsen's x-ray
specular reflection expression during the least-square
fitting [16]. Therefore, it means that the instrument
alignment is the most important limiting factor in
precisely determining the density of thin film by GIXR
method. A misalignment of 0.005° in sample tilt o with
respect to the incoming x-ray beam, can change the
final value of the electron density by 5% [17]. The
reason is that the critical momentum-transfer vector
k_is incorrectly determined by the critical angle 6, +
a. In our GIXR measurement as shown in Fig. 2, 2
very high alignment precision as good as £0.0003° has
been routinely achieved. This leads to very small
experimental deviations. In fact, our results show that
the GIXR experimental errors were about 0.37g/cm’
in density (corresponding to 1.8%), 0.29nm in
thickness (0.27%) and 0.05 nm in surface roughness
(2.3%) for the 105.27 nm Pt films in Table 1.
Cowley et al. noted that the substrate departuring
macroscopically from flatness could seriously degrade
the resolution of a conventional reflectivity
measurement[18]. They reported that part of the surface
was misaligned by up to 0.1° on a rippled and beveled
Si surface. The integrated intensity of reflectivity
became wide and asymmetric. However, a sharp and
symmetric reflection in Figure 2 shows that the surface
of Pt thin film on Si0O, ultrasmooth substrate 1s very
flat. It ensures that the misaligning error is very small

during the adjustment.

Figure 5 compares the densities of Pt thin films
obtained by the two methods. It indicates that the
densities determined by GIXR are very close to those
of gravimetric measurements. Although the GIXR
density is always a little larger than that of gravimetric
method for the same Pt thin film, the maximum density
difference was about 1.5% between the GIXR and
gravimetry results. This deviation is smaller than the
maximum GIXR measurement error (1.9%). The
results confirm that both GIXR and gravimetric
methods have the identical density for the Pt thin films.
The measurement accuracy of gravimetry is affected
by the determination of weight, area and thickness.
For the 105.27 nm Pt film, the weight and area are
about 2000 pg and 1000 mm? respectively, The weight
error is about 0.2% and area error is 0.3%, considering
the measurernent precision from micro-balance and
scanner. The GIXR thickness error of 105.27 nm Pt
film is 0.3% in table 1. The total errors are about 0.8%
for 105.27 nm Pt film by gravimetric method. In a
previous paper [9], we evaluated the thickness of a
SiO,/Ta,O, multilayer film with a total thickness of
100 nm using both GIXR and transmission electron
microscopy. The total thickness difference between the
two methods was lower than 2.6%. It is fully possible
to obtain a smaller error for a single layer Pt film with
GIXR method.

For the Pt films grown at room temperature, the

densities almost maintain constant around 20.30 g/cm®
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within the experimental error + 0.39g/cm’, with
thickness varying from 105.27 to 9.96 nm. The density
is about 94% as that of bulk Pt. However, the density
abruptly decrease to 18.85 g/cm® for 5.02 nm Pt ultathin
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Fig. 5 A comparison of the density obtained from
GIXR (open square) and gravimetry(line with

triangle) methods.

film, which is only 87.8% as that of bulk one. Wainfan
{11] and Tsuji {19] have reported that the densities of
Cu and Au films decreased as their thickness became
thinner. The densities of Snm-thick Cu film and 40
nm-thick Au film are only 80% and 73% of their bulk
one, respectively. Tsuji et al. {19] simply explained
that the lower density was attributed to the evaporated
Au film being very porous. Liu et al. [20] studied the
microstructure of the Cr underlayer using the
transmission electron microscopy. They found a large
proportion of gaps with a width of 1-3 nm between the
Cr grain boundaries in initial growth process. It is
possible that there are some gaps between the grain
boundaries in very thin Pt film, since the Pt film is

island growth at room temperature [21, 22].

5. CONCLUSION

We have shown the measurement results of density
of Pt thin films with both GIXR and gravimetry
methods. Within errors of measurement, two methods
are in good agreement. It confirmed that high resolution
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GIXR measurement can provide a highly accurate way
to determine density of thin films. In addition, GIXR
method can also provide very accurate data for

thickness and surface roughness of thin films.
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