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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 Li20 · 2Si02 and BaO · 2Si02 on silica glass 
Substrates as examples. The Li20 · 2Si02 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 · 2Si02 coatings are glassy and 
crystalline, respectively. They do not show any fluctuations; however, the depth profiles display some AI2O3 having diffused from 
the silica Substrates into the films during sol-gel consolidadon. Atomic force microscope Images reveal grooves in the Substrate 
surfaces in which AI2O3 remnants of the grinding process have been captured. The depth of the AI2O3 profile from the SNMS 
measurement corresponds to the depth of Channels found using the atomic force microscope. It is assumed that AI2O3 originates 
from remnants of the grinding material used to produce the silica Substrates. 

Tiefenprofilanalyse von Lithium- und Bariumdisilicatschichten auf Kieselglas 

Die im Hochfrequenzmodus betriebene Sekundärneutralteilchen-Massenspektrometrie ist für die Analyse elektrisch isolierender 
Materialien besonders geeignet. Dies wird an den Sol-Gel-Schichtsystemen Li20 · 2Si02 und BaO · 2Si02 als Beispielen demon­
striert. Die Li20 · 2Si02-Schicht ist kristallin und zeigt Schwankungen in der Zusammensetzung und/oder dem Phasengehalt. Diese 
Heterogenitäten werden durch Atomkraftmikroskopie bestätigt. Abhängig vom Temperprozeß sind die BaO · 2Si02-Schichten ent­
weder glasig oder kristallin. Sie zeigen keine Schwankungen im Aufbau, jedoch weisen die Tiefenprofile AI2O3 aus, das von der 
Kieselglasunterlage während des Sol-Gel-Verfestigungsprozesses in die Schichten diffundiert ist. Atomkraftmikroskopische Aufnah­
men zeigen Gräben in den Substratoberflächen, deren Tiefe der des Al203-Profils aus der SNMS-Analyse entspricht. Daher wird 
davon ausgegangen, daß AI2O3 aus Rückständen des Schleifmittels zur Herstellung der Kieselglassubstrate herrührt. 

1. Introduction 
There is a variety of surface-sensitive analytical depth-
profiling m e t h o d s to character ize surfaces, interfaces, 
a n d coat ings [1]. Employ ing these m e t h o d s several very 
exact requ i rements mus t be met , e.g. wi th respect to sen­
sitivity, dep th resolut ion, t ime of analysis, charging 
Problems du r ing the analysis of electrical insulators, and 
quant i f ica t ion of the sput ter intensities. Α frequently 
used m e t h o d for chemical dep th analysis is Secondary 
Ion M a s s Spec t romet ry (SIMS) , in which the secondary 
ions from a sput te red flux of a sample surface are ana­
lyzed in a m a s s spectrometer . However , serious p rob­
lems may arise s t emming from a mat r ix effect, which can 
m a k e the quant i f ica t ion of the results problematic . In 
o rder to overcome these difficulties, the Secondary Neu­
tral M a s s Spec t romet ry ( S N M S ) m e t h o d was developed 
[2 a n d 3]. The re the secondary neu t ra l particles from 
the sput tered flux of a sample surface a re analyzed. Α 
Variation is the electron gas S N M S m e t h o d , where the 
ions of a p l a s m a serve to sput ter the sample at a low 

energy, and where the electrons of the plasma bo th ion-
ize the resulting secondary neutral particles pr ior 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 M o d e ( H F M ) was developed 
for the commercially available electron gas S N M S ap­
paratus. This new me thod appears to be most powerful 
with respect to the requirements of chemical depth 
analysis, in par t icular for the case of electrical insulators. 
Through the application of a high-frequency al ternating 
voltage, the samples can be sputtered at low energies of 
some 100 eV, while simultaneously electrons from the 
p lasma are accumulated at the sample surface. This 
should enable the analysis of insulators with an as high 
as possible depth resolution. The H F M - S N M S me thod 
is tested in this work by analyzing laboratory-made sol-
gel L i20 · 2Si02 and B a O · 2Si02 coatings on commer­
cial silica glass Substrates. 
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2. Experimental 
2.1 Preparat ion of coat ings 

Tet rae thy lo r thos i l i ca te (TEOS), b a r i u m ch lo ra te 

(Ba(C104)2) , b a r i u m acetate ( B a ( C H 3 C 0 2 ) 2 ) , a n d 

h t h i u m n i t ra te ( L i N 0 3 ) were used as s ta r t ing mater ia ls 
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Figure 1. Flow diagram for the preparation process of 
Li20 · 2Si02 and BaO · 2Si02 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) 

Li20 2Si02/silica glass HO ± 10 550 (crystalline) 
BaO · 2Si02/silica glass 71 ± 10 500 (glassy) 
BaO · 2Si02/silica glass 71 ± 10 1000 (crystalline) 

(all Chemicals from Merck, D a r m s t a d t (Germany)) . 
The salts were dissolved in distilled water and were 
added to an acid-catalyzed alcoholic Solution of TEOS. 
Figure 1 illustrates the product ion of the Li20 · 2Si02 
and BaO · 2Si02 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. Heat ing rates were 4 to 5 Κ · m i n ~ ^ The 
Li20 · 2Si02/silica System was heated to 550 and the 
BaO · 2Si02/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 Li20 · 2Si02 
coatings were mostly crystalline. This was shown by the 
Atomic Force Microscope ( A F M ) as described later. In 
Order to crystallize the BaO · 2Si02/sil ica System, an ad­
ditional t reatment 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 t reatments are listed in table 1. Coat ing thicknesses 
were determined by profilometry. The coatings were 
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Figure 2. Principle of the HFM-SNMS method. 

scratched with a plast ic knife immediate ly after t he 
d ipp ing process while still soft. After heat t r e a tmen t , t he 
height difference between the coa t ing surface a n d the 
b o t t o m of the no tch was measu red wi th a p rof i lomete r 
(P I L o n g Scan Profiler, T E N C O R I n s t r u m e n t s Inc . , 
M o u n t a i n View, C A (USA)) . 

2.2 Chemical depth analysis with SNMS 

2.2.1 High-frequency nnode 
F o r the dep th analysis of samples, an S N M S a p p a r a t u s 
( I N A 3, Leybold AG, Köln (Germany) ) , ope ra t ed in the 
H F M m o d e (Specs G m b H , Berlin (G e rman y) ) , was 
used. T h e m e t h o d is i l lustrated schematically in figure 2. 
Α high-frequency rec tangular vol tage is appl ied t o the 
sample . D u r i n g the t ime per iod the a m p l i t u d e Uq 
— which can reach a m a x i m u m of 1000 V - acts o n the 
sample . D u r i n g this t ime the sample is b o m b a r d e d wi th 
ions from the p lasma. D u r i n g the t ime pe r iod the 
vol tage is set to zero. N o w the negative e lect rons f rom 
the p l a sma can reach the sample surface a n d c o m p e n ­
sate the positive charge accumula ted dur ing b o m b a r d ­
m e n t . Simultaneously, the neu t ra l part icles spu t t e r ed 
from the sample surface are ionized by the p l a s m a 
enabl ing their analysis in the mass spectrometer . 

T h e du ty cycle, y, is a measu re of the effective b o m ­
b a r d m e n t t ime (see equa t ion in figure 2) a n d c a n be 
var ied between 10 a n d 100%. T h e frequency r ä n g e can 
be set between 10 k H z and 1 M H z . All m e a s u r e m e n t s 
were m a d e at a frequency of 800 k H z , a d u t y cycle of 
80 % a n d an accelerating vol tage of 500 V. In o r d e r to 
avoid an interference wi th typical glass e lements , a 
k r y p t o n p lasma was used. T h e p l a s m a pressure was 
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4 · 1 0 " ^ m b a r . T h e samples were fixed t o the sample 
ho lde r by b o n d i n g wi th ind ium pr io r to measurement 
[5]. All samples were ~ 2 m m thick. Α m a s k on the 
sample surface was no t used in o rder to ob ta in a high 
dep th resolut ion. T h e dis tance be tween sample and 
aper tu re (inside d iameter 5 m m ) was 5 m m . Liquid 
n i t rogen was used to cool the sample. 

2.2.2 Evaluation of the SNMS raw data 
T h e S N M S analysis delivers intensi ty- t ime profiles 
which have t o be converted in to concent ra t ion-depth 
profiles. T h e quant i f icat ion of the concent ra t ion is pos­
sible for oxide glasses and coat ings wi th in certain com­
pos i t ion limits [5 a n d 6]. This evaluat ion, as is typical 
for S N M S da ta , uses relative sensitivity factors obtained 
from measu remen t s on glass samples of k n o w n compo­
sitions [5 a n d 6]. T h e dep th axis is ob t a ined from the 
dep ths of the sput te r craters (measured wi th the already-
m e n t i o n e d profi lometer) a n d the sput te r times. The 
sput ter rates of all films were averaged over the total 
coat ing thickness of the layers (table 2). T h e sputter rate 
for silica glass was de te rmined by sput te r ing an Si02 
coating on a float glass Substrate [5]. 

2.3 Characterization of the surface topography 
A n A F M was used to image the surface topography of 
the coat ings a n d the uncoa ted Substrates o n a nanometer 
scale. T h e Ins t rument used was a N a n o s c o p e II (Digital 
Ins t ruments , San ta Barba ra , C A (USA)) wi th an A-head 
( m a x i m u m scan area 1 pm^) and gold-coated Si3N4 tips 
(spring cons t an t 0.12 N / m , N a n o p r o b e s , Digi tal Instru­
ments ) [7]. T h e lateral resolut ion ob ta ined is in the n a n o ­
meter r änge when studying oxide glasses a n d the vertical 
resolut ion is < 1 n m [7 a n d 8]. Glass surfaces usually 
show a dist inct A F M topography, which is very different 
from the atomical ly flat terraces of a crystall ine fracture 
surface. Fo r this reason this "glass p a t t e r n " is used as a 
dis t inguishing cri ter ion for the glassy o r crystalline 
charac te r of a film [7 a n d 8]. 

3. Results and discussion 
3.1 L i 2 0 · 2Si02/s i l ica System 
Figure 3 shows the S N M S concen t ra t ion-dep th profiles 
for the L i 2 0 · 2Si02/s i l ica System. After reaching the 
sput ter equi l ibr ium (vertical line), the concent ra t ion in 
the film varies as a function of the dep th . Th i s deviation 
from the n o m i n a l concent ra t ion (between ^ 3 0 and 
—39 m o l % in the case of Li20) is far beyond the error 
of the analysis, which is abou t ±1 m o l % . Composi t ion 
a n d / o r phase f luctuat ion may be responsible for this ef­
fect. Thus , b o t h B r a n d a et al. [9] a n d Beier et al. [10] also 
found L i 2 0 · S i02 a n d L i 2 0 · 2S i02 phases following the 
crystal l izat ion of L i 2 0 · 2S i02 sol-gel glasses and glass 
films. These S N M S profiles conf i rm this, a l though they 
represent an average over a sput ter a rea of 50 mm^ only. 
Besides these crystalline phases L i 2 0 · 2Si02 and 

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

System sputter rate in nm · s 

silica glass 
U2O · 2Si02/silica glass 
BaO · 2Si02/silica glass 

0.28 ± 0.02 
0.18 ± 0.02 
0.21 ± 0.02 

100 200 
Depth in nm 

Figure 3. SNMS depth profiles of an Li20 · 2Si02 layer on a 
silica glass Substrate. 

1.00 

Figure 4. AFM image of a mostly crystalline Li20 · 2Si02 
sol-gel coating, ζ ränge = 50 nm. 

Li20 · Si02 an Si02-rich residual glassy phase may be 
present, too , especially at places of lower L i20 contents. 
Vogel [11] found a phase Separation of Si02-rich droplets 
in a cont inuous Li20-r ich Silicate phase. Considering the 
surface topography of the L i20 · 2Si02 film on the A F M 
image (figure 4) a Separation into two distinctly different 
regions is apparen t indeed. Crystals with diameters 
between about 50 and 200 n m and heights >10 n m have 
been formed. In addit ion, smaller irregulär elevations 
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Figures 5a and b. SNMS depth profiles of BaO · ISiOs layers 
on silica glass Substrates, a) glassy layer, b) crystalline layer. 

, 0.5 

5 0.1 

Ba0.2Si02 coating silica glass Substrate 

h 

• \ lOOOT (crystalline) 

·. 500»C (glassy) 

\ / 
uncoated 

\ \ 
. ^^^^ 

100 
Depth in nm 

200 

Figure 6. AI2O3 profiles of the uncoated silica glass and the 
BaO · 2Si02 layers on silica glasses. 

can be seen between those crystals. These areas could be 
glassy phases as a consequence of the ment ioned phase 
decomposi t ion. 

3.2 BaO · 2Si02/siliGa S y s t e m 

The S N M S concentra t ion-depth profiles for glassy and 
crystalhne BaO · 2 S i 0 2 films are shown in figures 5a and 
b. After reaching the sputter equihbr ium, bo th films are 
homogeneous in composi t ion over the entire depth. Ap-
parently BaO · 2 S i 0 2 has been formed only. However, 
inspection on a magnified concentrat ion scale leads to 
the detection of the further oxide componen t AI2O3. 
Figure 6 displays different cases. In the case of the un­
coated silica glass Substrate, AI2O3 reaches a depth of 
about 50 nm in the glass. Coat ing the S i 0 2 glass with 
BaO · 2S i02 films causes a pa r t of AI2O3 to diffuse into 
the films. Whereas in the case of the glassy BaO · 2S i02 
(annealing at 500 °C) an AI2O3 peak still remains at the 

Ε 

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, m o s t of the AI2O3 can be found in the crys ta l ­
line B a O - 2 S i 0 2 film already (annea l ing at 1000 °C) . 
Ba^^ ions could be the coun te r pa r t ne r s d u r i n g A P ^ 
diffusion. T h e A F M image of the uncoa t ed silica glass 
(figure 7) displays the origin of AI2O3. Grooves of u p 
to 50 n m dep ths a n d 100 n m wid th can be found. T h e y 
obviously or iginate from the commerc ia l g r ind ing p r o ­
cess. S o m e AI2O3 part icles may be cap tu red there , giving 
rise t o the existence of AI2O3 in the B a O · 2 S i 0 2 films. 

4. Conclusions 
T h e electron gas S N M S , operated in H F M , is well-suited 
for the accura te chemical in-depth analysis of oxide coa t ­
ings o n glass Substrates. Since plasma electrons provide 
the Charge compensation on the sample surface, n o ad ­
di t iona l p recau t ions have to be t aken du r ing the analysis 
of electrically insulat ing materials . A s a result of the low-
accelerat ion voltage used to sput te r the sample, d e p t h 
reso lu t ions of a few n a n o m e t e r s can be o b t a i n e d 
[12]. T h e sput ter rates of the oxide films of L i 2 0 · 2 S i 0 2 
a n d B a O · 2 S i 0 2 compos i t ion lie be tween 0.2 a n d 
0.3 n m · s ^ ^ This results in shor t analysis t imes of 30 t o 
40 m i n for a dep th of 500 n m . Since quant i f ica t ion of the 
intensi ty profiles is possible wi thin a l imited c o m p o s i t i o n 
ränge, concen t ra t ion-dep th profiles can be o b t a i n e d . 
These allow conclusions wi th regard to diffusion p r o ­
cesses or the evidence of phase f luctuat ions in films wi th 
thicknesses <100 n m . 
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