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Tiefenprofile von TazO3/SiO2[Si-Struktureu: 
Eine kombinierte Untersuchung 
mit Ri~ntgen-Photoemissions-, Auger-Elektronen- 
und Sekund~ir-lonen-Massen-Spektrometrie 

Summary. We prepared thin films of tantalum oxide on 
SiO2/Si substrates by thermal oxidation of tantalum. The 
different oxide layers and their interfaces were characterized 
by SIMS, AES, and XPS. Characteristic structures were 
obtained after different oxidation procedures. The compara- 
tive discussion of AES and SIMS depth profiles makes pos- 
sible an unequivocal characterization of the reactive in- 
terfaces between the oxides of Ta and Si. The Ta2Os/SiO2 
interface in particular shows non-stoichiometries which 
depend on the oxidation procedures and which determine 
the performance characteristics of pH-sensitive TazOs field- 
effect transistors. 

1 Introduction 

Tantalum pentoxide (Ta2Os) has various applications in 
semiconductor technology such as its use as capacitor mate- 
rial in VLSI-technology, as material for electrical resistors, 
as gate insulator for field-effect transistors (FET's), and as 
pH-sensitive layer for ion-sensitive FET's  (ISFET's) [1, 2]. 

The latter was of primary interest for our studies. A 
schematic set-up of an 1SFET is given in Fig. I to illustrate 
the importance of controlled interface structures and the 
importance of interface analysis in optimizing the perform- 
ance of ISFET's. The liquid-solid interaction at the Ta2Os/ 
electrolyte interface causes a potential variation that changes 
the potential at the gate electrode against a reference 
electrode, and in turn, changes the electrical characteristics 
of the ISFET. For the reliable electrical performance of an 
ISFET, its different gate oxides should have a homogeneous 
composition and the interfaces between these oxides should 
not be smeared out. Both requirements result in a low density 
of impurities and also in a low density of  uncontrolled elec- 
trically active defects in the layer structures. 

In this paper we describe first results from our ex- 
perimental approach to combine thin film preparation of 
ISFET layer structures with their spectroscopic in-situ 
characterisation. 
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2 Experimental 

In a first set of experiments (samples of type 1) we prepared 
Ta films under UHV conditions (p < 10 -7 Pa). We used 
p-doped silicon substrates with a 46 nm thick SiOz layer and 
prepared ultra-thin tantalum layers in the monolayer range 
by thermal evaporation from an electrically heated Ta-wire 
with a purity of 99.99%. The resulting films had thicknesses 
between 0.5 and 2.5 nm as monitored in XPS by applying 
Beer's law. 

In a second set of experiments (samples of type 2) we 
prepared different Ta205 layers by thermal oxidation of 
e-gun evaporated tantalum fihns (d~, = 53 rim). The follow- 
ing oxidation process was done in a pure oxygen atmosphere 
(1 bar) at temperatures between 800 and 850 K. For dif- 
ferent oxidation times we obtained partly (tox = 10 rain) and 
fully (tox = 20 min) oxidized samples [3]. The resulting TazOs 
is amorphous [4, 5]. Elemental composition and 
stoichiometry of the layers was controlled by AES and XPS 
[6-8]. During the spectroscopic measurements, samples were 
kept at room-temperature. 

Auger depth profiles were done in a scanning Auger 
microscope (SAM) (Perkin Elmer PHI 600), with a typical 
primary electron current of I ~tA at 10 keV. Sputtering was 
performed with Ar + ions at 4 keV with a scanned ion beam 
(2 • 2 mm 2, 400 nA, 45~ 

reference elecfrode 
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Fig. 1. Interfaces of an ion-sensitive field-effect transistor (ISFET) 
in a schematic drawing. The bias voltage at constant current between 
source (S) and drain (D) is used to monitor pH values 
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XPS and SIMS experiments were performed in a separate 
UHV combination system which allowed controlled heating 
of the sample up to 1500 K. By means of an UHV transfer 
vessel samples could be manipulated between the different 
spectrometers, sample preparation stages, a high pressure 
(p <~ 30 bar) reaction cell, and an electrochemical cell for 
ISFET characterization under controlled conditions [9]. The 
Ta evaporation and initial sample cleaning was performed 
in a preparation vessel by ion bombardment and annealing. 

XPS spectra were obtained with a double anode set-up 
with A1K~ (1486.6 eV) and MgK,  (1253.6 eV) radiation. 

SIMS depth profiles were recorded using a single-lens 
ion extraction optics and a quadrupole mass spectrometer 
(Balzers QMG 420). Beam scanning, gating, and data re- 
cording was computer controlled. All SIMS sputter profiles 
were taken with O~ primary ions (ion source: Telefocus, 
Atomika) with an acceleration voltage of 10 keV ( 1 -  
2 x 10 -3 cm z, 30 nA, 45~ To avoid crater wall effects, a 
59% electronic gating was used. The use of a Wien filter 
eliminated impurities, neutral atoms, and doubly charged 
ions. For some of the SIMS profiles a flood-gun had to be 
used for charge compensation of highly insulating samples. 

3 R e s u l t s  a n d  d i s c u s s i o n  

3.1 XPS data (samples of type 1) 

Figure 2 shows typical XPS spectra of the Ta 4f region 
after different tantalum evaporation and heating cycles as 

30 20 

Binding energy (eV) 

Fig. 2. XPS (MgK~) spectra of the Ta 4f region: the first spectrum 
a was taken after evaporation of Ta on Si/SiO2 substrates with 
dTa = 0.5 nm. b-e  are obtained after annealing the sample to 
different preparation temperatures Tprep. Spectrum f is obtained 
after a subsequent additional Ta evaporation with dr, = 0.7 nm. 
g was obtained after a final oxidation procedure (T = 800-850 K, 
p ( O 2 )  = ] bar, t = 75 rain) 

indicated in the figure. The binding energy is referred to the 
Fermi level. For comparison, the binding energy of the Ta 
4f (7/2) peak recorded from a clean Ta foil is indicated by 
an arrow. All spectra are corrected for a slight charge-up 
(0.7 eV) of the sample. 

After the first Ta evaporation cycle, the tantalum layer 
thickness on SiO2 is determined to be 0.5 nm (Fig. 2a). With 
increasing annealing temperatures the curve maximum shifts 
towards higher binding energies (Fig. 2 b - e ) .  Figure 2 f was 
recorded after further tantalum evaporation. Here, the layer 
thickness is increased to 0.7 nm. In Figure 2e and f, the 
maximum of the curve shifts to about 28 eV. Figure 2g 
shows the Ta 4f region after a final oxidation procedure for 
which the sample was kept at about 850 K with an oxygen 
pressure of 1 Pa for 75 rain. The corresponding Ta 4f levels 
are shifted by 5 eV with respect to the metallic Ta peak [5 - 
8, 10]. 

The shape of the curve observed after initial Ta evapor- 
ation with a peak maximum at about 25 eV indicates that 
there is no emission from metallic Ta, rather than from a 
mixture of Ta oxides with different oxidation states. 

These XPS data indicate that Ta is oxidized under UHV 
conditions in an interaction with SiO 2 even at room tempera- 
ture. From the shape of the Ta 4f emission the stoichiometry 
of the film can be determined. 

3.2 Depth profiling with AES (samples of type 2) 

Figures 3 and 4 show Auger depth profiles with the Auger 
intensity of a partly oxidized (Fig. 3) and of a fully oxidized 
sample (Fig. 4) plotted versus the sputter time. Depending 
on the oxidation conditions, the depth profiles can be 
separated into distinct or smeared out regions as shown in 
Figs. 3 - 6. Although the location of the different interfaces 
between the regions requires a tentative assignment, it is 
nevertheless a useful concept to distinguish between 5 dif- 
ferent regions. 

For both samples region 1 corresponds to stoichiometric 
Ta2Os, as it was verified by XPS. Region 2 represents a 
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Fig. 3. AES profile of a partly oxidized Ta205 layer on SiO2/Si. 
Region 1 characterizes a stoichiometric Ta205 layer at the surface 
(as e. g., verified with XPS). The region 2 is the partly oxidized layer. 
Region 3 indicates the Ta2Of/SiO2 interface. Region 4 is the SiO2 
layer, and region 5 is the bulk silicon 
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Fig. 4. AES profile of the fully oxidized sample. Region 2 (see Fig. 3) 
is not observed here, and region 3 is narrower than in Fig. 3 
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Fig. 5. A SIMS dep th  profi le of  the same sample  as in Fig. 3 (f lood- 
gun used). B SIMS depth profiles of the same sample as in A, with/ 
without (crushed lines) use of a flood-gun 

partly oxidized tantalum layer (Fig. 3 only) and charac- 
terizes a non-stoichiometric TaOy (y < 2.5). Region 3 is the 
Ta oxide/SiOz interface. Region 4 is the initial SiO2 layer 
with its SiOz/Si interface towards the bulk Si in region 5. 
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Fig. 6. SIMS depth profile of the same sample as in Fig. 4 (flood- 
gun used) 

In the following we will concentrate on the TazO5/SiO2 
interface (region 3) since we expect drift effects in ISFET 
device performance partly to be caused by an enhanced 
defect concentration at this interface. 

In partly oxidized samples (Fig. 3) a pronounced initial 
rise of  the oxygen signal is always observed. This is indicated 
by an arrow in Fig. 3 and was verified for several depth 
profiles taken with varying ion beam currents at different 
spots of  the same sample. The influence of different sputter 
conditions has been discussed in the literature [11-13]. In 
line with the XPS results (section 3A), this discontinuity in 
the increase of the oxygen signal indicates different oxidation 
mechanisms of Ta at that interface and in the Ta layer. 

In both samples the oxygen signal in region 4 raises 
continuously and does not reach a constant value as it would 
be expected for an ideal SiO2 structure. In addition to matrix 
effects at the oxide/oxide interface, a slightly reduced oxygen 
concentration in the outer SiO2 layer most probably 
determines that signal behavior. 

3.3 Depth profiling with SIMS (samples of type 2) 

The SIMS profiles may formally be separated in the same 
way as described above. Again, region 3 indicates the non- 
stoichiometric interface in Figs. 5 and 6. 

The intensity increase (indicated by an arrow) in Fig. 5 
of all masses in region 3 is due to a higher oxygen concentra- 
tion and, hence, a higher ionisation probability as it may be 
deduced from the rise of the AES oxygen signal in Fig. 3 
[14-17]. In accordance with our XPS results we deduce 
from this, that the tantalum located directly at the Ta/SiO2 
interface is not oxidized by the oxygen from the gas phase, 
but by oxygen originating from the SiO2 layer itself. So a 
partly distored SiO2 is produced and the increase of  all 
signals in Fig. 5 characterizes a tantalum/silicon oxide 
mixture at this interface. 

One reason for the following decrease of all intensities 
towards the SiO2 layer is a charge-up effect at the oxide/ 
oxide interface. Figure 5A shows region 3 of a partly oxidized 
sample in an extended scale�9 We show two depth profiles 
recorded with and without a charge neutralizing flood-gun. 
For simplification, masses m/e = 44, and m/e = t81 are 
plotted only. Obviously, the intensity decrease is influenced 
by the flood-gun. With charge compensation the minima of 
all masses are less pronounced. In accordance with the AES 
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profile in Fig. 3 the remaining decrease in signal intensity 
is attributed to a real oxygen deficiency in this interfacial 
region. 

In the following we estimate the interface width by using 
erosion rates dz/dt from references samples, i.e., from 
TazOs/Ta and SiO2/Si structures. Under the same sputter 
conditions as used to obtain the profiles in Figs. 5 and 6 we 
find dz/dt = 0.069 nm/s for TazOs and dz/dt = 0.12 nm/s 
for SiOz. In a first estimation of the width of region 3 we 
may either assume this section to have an erosion rate similar 
to SiO2 or a value between 8i02 and Ta2Os. The erosion rate 
of elementary silicon can be neglected because sputtering of 
Si with reactive O2 ions is known to lead to sputtering rates 
similar to those of SiO2 [14, 17 - 20]. With these assumptions 
we estimate an interface width of 1 6 - 2 7  nm for the poorly 
oxidized sample (Fig. 5) and of 12-21  nm for the fully 
oxidized sample (Fig. 6). It is clear that these values depend 
on the reliability of the above-mentioned assumptions and 
also on the definition of interfaces of the regions involved. 
This estimation does, however, show that the widths of these 
interfaces clearly extend the sputter-induced broadening and 
the spectrometer-dependent limitation of depth resolution 
[17-22]. 

An atomistic understanding of the reactive interface 
properties of the Ta/SiO2 system may be obtained from 
thermodynamic considerations. Following those, Ta2Os is 
less stable than SlOe under experimental conditions of our 
work. The formation of mixed Si/Ta oxides is thermodyna- 
mically unrealistic when Ta is evaporated onto SiO2 [23-  
26]. In contrast to these facts, our XPS data of the samples 
of type 1 demonstrate the formation of mixed oxides if 
additional oxygen from the gas phase is excluded under 
UHV conditions. Here, reactions at the Ta/SiO2 interface 
lead to defects in the SiO2 layer and a partial oxidation of 
Ta which is linked with the chemical reduction of the SiO2 
lattice to form a non-stoichiometric SiOx (x < 2) region. 
Even in the case of the samples of type 2, which were not 
prepared under UHV conditions, a broadened Ta oxide/Si 
oxide interface is indicated by our AES and SIMS depth 
profile results. Here the formation of this mixed oxide prob- 
ably occurs in the early phases of the Ta oxidation procedure, 
and stops when a sufficient amount of oxygen from the gas 
phase reaches this interface. 

Defects in oxygen-deficient SiO2 are of great importance 
in silicon device technology, although no direct experimental 
access is available for their quantitative assignment. There 
are, however, several approaches that give evidence for their 
existence [27]. For the system investigated here, the existence 
of defects is evident from thermodynamic considerations 
and from deviations of the ideal stoichiometry at the SiO2 
interface as determined from XPS, AES, and SIMS data. 

4 Conclusions and outlook 

The results presented in this paper mainly deal with in- 
homogeneities occurring normal to the surface. 

We found characteristic differences between partly and 
fully oxidized samples at the SiO2/Ta205 interface. At the 
Ta oxide/SiO2 interface both depth profiles indicate a pro- 
nounced inhomogeneous composition with respect to the 
oxides of Ta and Si. 

We have demonstrated that comparative studies with 
AES, SIMS, and XPS including depth profiling lead to a 
detailed characterization of layer structures including mixed 
oxides. The information obtained in these studies is a pre- 
requisite for understanding instabilities and for optimizing 
electronic devices such as ion-sensitive field-effect transistors 
with Ta2Os/SiOz gates [28]. 
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