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The electron gas secondary neutral mass spectrometry, operated in the high-frequency mode, is especially suitable for the analysis
of electrically insulating materials. This is demonstrated for the sol-gel coating systems Li,O - 2SiO, and BaO - 2SiO, on silica glass
substrates as examples. The Li,O - 2SiO, coating is crystalline and displays fluctuations in composition and/or phases. This hetero-
geneity is confirmed on atomic force microscope images. Depending on heat treatment the BaO - 2SiO, coatings are glassy and
crystalline, respectively. They do not show any fluctuations; however, the depth profiles display some Al,O; having diffused from
the silica substrates into the films during sol-gel consolidation. Atomic force microscope images reveal grooves in the substrate
surfaces in which Al,O; remnants of the grinding process have been captured. The depth of the Al,O; profile from the SNMS
measurement corresponds to the depth of channels found using the atomic force microscope. It is assumed that Al,O; originates
from remnants of the grinding material used to produce the silica substrates.

Tiefenprofilanalyse von Lithium- und Bariumdisilicatschichten auf Kieselglas

Die im Hochfrequenzmodus betriebene Sekundérneutralteilchen-Massenspektrometrie ist fiir die Analyse elektrisch isolierender
Materialien besonders geeignet. Dies wird an den Sol-Gel-Schichtsystemen Li,O - 2SiO, und BaO - 2SiO, als Beispielen demon-
striert. Die Li,O - 2Si0,-Schicht ist kristallin und zeigt Schwankungen in der Zusammensetzung und/oder dem Phasengehalt. Diese
Heterogenititen werden durch Atomkraftmikroskopie bestdtigt. Abhéngig vom TemperprozeB sind die BaO - 2SiO,-Schichten ent-
weder glasig oder kristallin. Sie zeigen keine Schwankungen im Aufbau, jedoch weisen die Tiefenprofile Al,O; aus, das von der
Kieselglasunterlage wihrend des Sol-Gel-Verfestigungsprozesses in die Schichten diffundiert ist. Atomkraftmikroskopische Aufnah-
men zeigen Griaben in den Substratoberflachen, deren Tiefe der des Al,Os-Profils aus der SNMS-Analyse entspricht. Daher wird
davon ausgegangen, dal Al,O; aus Riickstdnden des Schleifmittels zur Herstellung der Kieselglassubstrate herriihrt.

energy, and where the electrons of the plasma both ion-
ize the resulting secondary neutral particles prior to
their analysis in the mass spectrometer and compensate
— at least in principle — the positive charge at the
sample surface of electrically insulating materials. In
1993, the High-Frequency Mode (HFM) was developed
for the commercially available electron gas SNMS ap-
paratus. This new method appears to be most powerful
with respect to the requirements of chemical depth
analysis, in particular for the case of electrical insulators.
Through the application of a high-frequency alternating
voltage, the samples can be sputtered at low energies of
some 100 eV, while simultaneously electrons from the
plasma are accumulated at the sample surface. This
should enable the analysis of insulators with an as high
as possible depth resolution. The HFM-SNMS method
is tested in this work by analyzing laboratory-made sol-
gel Li,O - 2Si0, and BaO - 2Si0, coatings on commer-
cial silica glass substrates.

1. Introduction

There is a variety of surface-sensitive analytical depth-
profiling methods to characterize surfaces, interfaces,
and coatings [1]. Employing these methods several very
exact requirements must be met, e.g. with respect to sen-
sitivity, depth resolution, time of analysis, charging
problems during the analysis of electrical insulators, and
quantification of the sputter intensities. A frequently
used method for chemical depth analysis is Secondary
Ton Mass Spectrometry (SIMS), in which the secondary
ions from a sputtered flux of a sample surface are ana-
lyzed in a mass spectrometer. However, serious prob-
lems may arise stemming from a matrix effect, which can
make the quantification of the results problematic. In
order to overcome these difficulties, the Secondary Neu-
tral Mass Spectrometry (SNMS) method was developed
[2 and 3]. There the secondary neutral particles from
the sputtered flux of a sample surface are analyzed. A
variation is the electron gas SNMS method, where the
ions of a plasma serve to sputter the sample at a low
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2.1 Preparation of coatings

Tetraethylorthosilicate ~ (TEOS), barium chlorate
(Ba(ClOy),), barium acetate (Ba(CH;CO,),), and
lithium nitrate (LiNO;) were used as starting materials
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Figure 1. Flow diagram for the preparation process of
Li,O - 2Si0, and BaO - 2Si0, coatings on silica glass substrates.

Table 1. Sol-gel-prepared coating system (synthesis in mol%)

coating system thickness  annealing temperature
in nm in °C (state)

Li,O - 2SiO,/silica glass 110 = 10 550 (crystalline)

BaO - 2SiO,/silica glass 71 = 10 500 (glassy)

BaO - 2Si0O,/silica glass 71 =10 1000 (crystalline)

(all chemicals from Merck, Darmstadt (Germany)).
The salts were dissolved in distilled water and were
added to an acid-catalyzed alcoholic solution of TEOS.
Figure 1 illustrates the production of the Li,O - 2SiO,
and BaO - 2Si0, coatings. Details can be found in [4].
The coatings, prepared by the dip coating process on
silica glass slides (type 214-P, Westdeutsche Quarz-
schmelze, Geesthacht (Germany)) were subsequently
heat-treated. Heating rates were 4 to 5K - min~'. The
Li,O - 28i0,/silica system was heated to 550 and the
BaO - 2Si0,/silica system to 500°C. The samples were
kept at these temperatures for 60 min and were allowed
then to cool to room temperature. The Li,O - 2SiO,
coatings were mostly crystalline. This was shown by the
Atomic Force Microscope (AFM) as described later. In
order to crystallize the BaO - 25i0,/silica system, an ad-
ditional treatment at 1000°C for 240 min was necessary.
The sample compositions based on the sol-gel solutions
along with the respective coating thicknesses and ther-
mal treatments are listed in table 1. Coating thicknesses
were determined by profilometry. The coatings were
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Figure 2. Principle of the HFM-SNMS method.

scratched with a plastic knife immediately after the
dipping process while still soft. After heat treatment, the
height difference between the coating surface and the
bottom of the notch was measured with a profilometer
(P1 Long Scan Profiler, TENCOR Instruments Inc.,
Mountain View, CA (USA)).

2.2 Chemical depth analysis with SNMS

2.2.1 High-frequency mode

For the depth analysis of samples, an SNMS apparatus
(INA 3, Leybold AG, Kéln (Germany)), operated in the
HFM mode (Specs GmbH, Berlin (Germany)), was
used. The method is illustrated schematically in figure 2.
A high-frequency rectangular voltage is applied to the
sample. During the time period 7, the amplitude U,
— which can reach a maximum of 1000 V — acts on the
sample. During this time the sample is bombarded with
ions from the plasma. During the time period 7 the
voltage is set to zero. Now the negative electrons from
the plasma can reach the sample surface and compen-
sate the positive charge accumulated during bombard-
ment. Simultaneously, the neutral particles sputtered
from the sample surface are ionized by the plasma
enabling their analysis in the mass spectrometer.

The duty cycle, y, is a measure of the effective bom-
bardment time (see equation in figure 2) and can be
varied between 10 and 100%. The frequency range can
be set between 10 kHz and 1 MHz. All measurements
were made at a frequency of 800 kHz, a duty cycle of
80% and an accelerating voltage of 500 V. In order to
avoid an interference with typical glass elements, a
krypton plasma was used. The plasma pressure was
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41073 mbar. The samples were fixed to the sample
holder by bonding with indium prior to measurement
[5]. All samples were ~2 mm thick. A mask on the
sample surface was not used in order to obtain a high
depth resolution. The distance between sample and
aperture (inside diameter 5 mm) was 5 mm. Liquid
nitrogen was used to cool the sample.

2.2.2 Evaluation of the SNMS raw data

The SNMS analysis delivers intensity-time profiles
which have to be converted into concentration-depth
profiles. The quantification of the concentration is pos-
sible for oxide glasses and coatings within certain com-
position limits [5 and 6]. This evaluation, as is typical
for SNMS data, uses relative sensitivity factors obtained
from measurements on glass samples of known compo-
sitions [5 and 6]. The depth axis is obtained from the
depths of the sputter craters (measured with the already-
mentioned profilometer) and the sputter times. The
sputter rates of all films were averaged over the total
coating thickness of the layers (table 2). The sputter rate
for silica glass was determined by sputtering an SiO,
coating on a float glass substrate [5].

2.3 Characterization of the surface topography

An AFM was used to image the surface topography of
the coatings and the uncoated substrates on a nanometer
scale. The instrument used was a Nanoscope II (Digital
Instruments, Santa Barbara, CA (USA)) with an A-head
(maximum scan area 1 um?) and gold-coated SizNj tips
(spring constant (.12 N/m, Nanoprobes, Digital Instru-
ments) [7]. The lateral resolution obtained is in the nano-
meter range when studying oxide glasses and the vertical
resolution is =1 nm [7 and 8]. Glass surfaces usually
show a distinct AFM topography, which is very different
from the atomically flat terraces of a crystalline fracture
surface. For this reason this “glass pattern™ is used as a
distinguishing criterion for the glassy or crystalline
character of a film [7 and §].

3. Results and discussion
3.1 Li,O - 2SiO,/silica system

Figure 3 shows the SNMS concentration-depth profiles
for the Li,O - 2SiO,/silica system. After reaching the
sputter equilibrium (vertical line), the concentration in
the film varies as a function of the depth. This deviation
from the nominal concentration (between =30 and
~39 mol% in the case of Li,O) is far beyond the error
of the analysis, which is about *1 mol%. Composition
and/or phase fluctuation may be responsible for this ef-
fect. Thus, both Branda et al. [9] and Beier et al. [10] also
found Li,O - SiO, and Li,O - 2SiO, phases following the
crystallization of Li,O - 2Si0, sol-gel glasses and glass
films. These SNMS profiles confirm this, although they
represent an average over a sputter area of 50 mm? only.
Besides these crystalline phases Li,O -2SiO, and

Table 2. HFM-SNMS sputter rates for the materials investi-
gated

system sputter rate in nm - s~ !
silica glass 0.28 + 0.02
Li,O - 2Si0,/silica glass 0.18 £ 0.02
BaO - 2Si0O,/silica glass 0.21 £ 0.02
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Figure 3. SNMS depth profiles of an Li,O - 2SiO, layer on a
silica glass substrate.

pm

Figure 4. AFM image of a mostly crystalline Li,O - 2SiO,
sol-gel coating, z range = 50 nm.

Li,O - SiO, an SiO,-rich residual glassy phase may be
present, too, especially at places of lower Li,O contents.
Vogel [11] found a phase separation of SiO,-rich droplets
in a continuous Li,O-rich silicate phase. Considering the
surface topography of the Li,O - 2SiO, film on the AFM
image (figure 4) a separation into two distinctly different
regions is apparent indeed. Crystals with diameters
between about 50 and 200 nm and heights >10 nm have
been formed. In addition, smaller irregular elevations
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Figures Sa and b. SNMS depth profiles of BaO - 2SiO, layers
on silica glass substrates, a) glassy layer, b) crystalline layer.
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Figure 6. Al,O; profiles of the uncoated silica glass and the
BaO - 2Si0, layers on silica glasses.

can be seen between those crystals. These areas could be
glassy phases as a consequence of the mentioned phase
decomposition.

3.2 BaO - 2SiO,/silica system

The SNMS concentration-depth profiles for glassy and
crystalline BaO - 2SiO, films are shown in figures 5a and
b. After reaching the sputter equilibrium, both films are
homogeneous in composition over the entire depth. Ap-
parently BaO - 2SiO, has been formed only. However,
inspection on a magnified concentration scale leads to
the detection of the further oxide component Al,Os.
Figure 6 displays different cases. In the case of the un-
coated silica glass substrate, Al,O; reaches a depth of
about 50 nm in the glass. Coating the SiO, glass with
BaO - 2Si0, films causes a part of Al,O3 to diffuse into
the films. Whereas in the case of the glassy BaO - 2Si0,
(annealing at 500°C) an Al,O; peak still remains at the

nm

Figure 7. AFM image of a polished silica glass substrate show-
ing about 50 nm deep and about 100 nm wide grinding and
polishing grooves.

interface, most of the Al,O5 can be found in the crystal-
line BaO - 2Si0, film already (annealing at 1000°C).
Ba?* ions could be the counter partners during AlI**
diffusion. The AFM image of the uncoated silica glass
(figure 7) displays the origin of Al,Os;. Grooves of up
to 50 nm depths and 100 nm width can be found. They
obviously originate from the commercial grinding pro-
cess. Some Al,O; particles may be captured there, giving
rise to the existence of Al,O; in the BaO - 2SiO, films.

4. Conclusions

The electron gas SNMS, operated in HFM, is well-suited
for the accurate chemical in-depth analysis of oxide coat-
ings on glass substrates. Since plasma electrons provide
the charge compensation on the sample surface, no ad-
ditional precautions have to be taken during the analysis
of electrically insulating materials. As a result of the low-
acceleration voltage used to sputter the sample, depth
resolutions of a few nanometers can be obtained
[12]. The sputter rates of the oxide films of Li,O - 2SiO,
and BaO - 2SiO, composition lie between 0.2 and
0.3 nm - s~ !. This results in short analysis times of 30 to
40 min for a depth of 500 nm. Since quantification of the
intensity profiles is possible within a limited composition
range, concentration-depth profiles can be obtained.
These allow conclusions with regard to diffusion pro-
cesses or the evidence of phase fluctuations in films with
thicknesses <100 nm.
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