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Abstract

The “ITRS Roadmap” suggests the necessity of working out the processing methods allowing formation of ultrathin dielectric layers
with higher values of the dielectric permittivity than for silicon dioxide. The silicon oxynitride layers,(§iseem to be the most natural
compromise. But still none of high temperature methods used for its formation can be seriously considered as final solution for future
ULSI-CMOS ICs production due to the inevitable formation of nitride monolayers just at the silicon—insulator interface. The main scope of
this investigation is to check if this is true.

The oxynitride layers were produced by PECVD method. The process has already been optimised in order to allow repeatable and reliabl
formation of ultrathin layers€10 nm). These layers were investigated by photoelectron spectroscopy (PES) using variable excitation energy.
This results in a variable escape depth of the photo electrons and thus the depth structure of the sample can be concluded. Due to tl
combination of chemical information and depth information this method is a unique tool for investigating the hidden nitride layers. In this
work, we present a comparing study of oxynitride layers with different oxygen-to-nitrogen ratios and different post-deposition annealing
temperatures investigated by the above described method. It will be shown that the main difference between certain preparation conditions |
the SiQ_ and the nitride-content and that nitride and oxynitride is distributed nearly homogeneously.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (thermal oxidation and oxinitridation of Si by NO 8 and
NHs/chemical deposition like CVD or atomic layer deposi-
Oxynitrides are in the focus of materials research for the tion (ALD)/physical deposition like N-implantation or mag-
past years with the aim to replace the conventionab3® netron sputtering) is well investigated and is summarised in
gate dielectrics. The main reason therefore is the larger di- many review article§4,5]. A main aspect of all these inves-
electric constant of oxynitrides. In facts increases from a  tigations always was the depth structure of the oxynitride
value of 3.9 for SiQ (SiO2Np) to 7.8 for SgN4 (SiOpN1.33) films. Having the purpose of thin gate dielectrics in mind it
almost linear with the nitrogen content in the oxynitr[dé is clear that the oxynitride layer have to be very thin, in the
But also the diffusion suppressing properties of oxynitrides range of some nm. These ultrathin layers are already dif-
are of interest. Especially the suppression of the boron andficult to analyse due to the limited depth resolution of the
phosphor diffusiori2] is advantageous as boron and phos- mainly used depth profiling technique secondary ion mass
phor are important dopants. But also the diffusion of atomic spectroscopy (SIMS) because of ion mixing effects. To over-
hydrogen H is suppressed by oxynitrid¢3]. come this problem the ion scattering techniques medium
Therefore, it is clear that the understanding of the for- ion energy scattering (MEIS) has been developed especially
mation process of oxynitrides grown by various methods to investigate ultrathin layed$]. But both methods deliver
only information about the elemental distribution of, e.g.
msponding author. Present address: LS Angewandte Physik II N, O'.Or S Wlt.hm the layer, but no qurmanon apom the
Universitétsplatz 3-4, 03046 Cottbus, Germany. Tel4o-355-692008;  chemical bonding of these elements. This information can be
fax: +49-355-693931. derived from photoelectron spectroscopy (PES). Due to its
E-mail address: patrick.hoffmann@tu-cottbus.de (P. Hoffmann). extreme surface sensitivity (the photoelectron inelastic mean
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free pathh (IMFP) is in the range of 1-3nm) PES is limited 8 mm were first cleaned in an ultrasonic bath in isopropanol
to layers of a thickness less than 10 nm; just the thickness ofand then introduced into the vacuum system followed by a
ultrathin layers. Furthermore the IMFP can be varied by the heating to about 300C to allow the adsorbed hydrocarbons
kinetic energy of the photoelectrons and hence by the excita-to desorbe. By that cleaning process the carbon contamina-
tion energy used for PES. As PES always gives a sum signaltion could be decreased to approximately 1/10 of a mono-
from all layers within the analysed area the variation of the layer or less as evident from survey spectra taken at 1000 eV.
depth sensitivity of the PES can open up the possibility to  The PES measurements were performed at the undula-
derive a depth structure of the sample. To do this is the aim of tor beamline U49/2-PGM-2 supplying photons in the en-
this work utilising a synchrotron as a variable X-ray source. ergy range of 80 eV-1500 eV with a resolution above 7000
(E/AE). Charge compensation was not needed due to the thin
oxide layer. The used spectrometer was a EA125 electron
analyser made by Omicron NanoTechnology GmbH with a
resolution of about 200 meV.

The ultrathin oxynitride layers were grown on Si wafers
by a plasma-enhanced CVD process (PECVD). The PECVD
process runs in a RF-plasma (13.56 MHz) in a planar (par- 3. Results
allel plate) reactor. Two types of oxynitride layer were

2. Experimental

grown using different gases for the PECVD process: Lay-

ers with a low oxygen content are produced in §\&iH,

plasma, while layers with a high oxygen content are pro-

duced in NO:NH3:SiHy plasma. A schematic view of the
used PECVD set-up is given fig. 1

As usually in PECVD processes, the process tempera-

ture is very low, i.e.<400°C. This gives room for higher
temperature annealing in o2Nambient that followed the

Following the idea of varying the depth information
by varying the excitation energy the Si2p, N1s, and O1s
core-level emissions were measured at different excitation
energies respectively different IMBPof the photoelectrons
(seeTable 2.

To interpret the information about the chemical bonding
conditions in the layer the measured spectra were analysed
by a line decomposition. The single emission lines were as-

formation process in case of some of the samples. The an-signed to a certain chemical compound due to their unique
nealing process is included in order to test the layers for binding energy. An example for every core-level is shown in
high temperature stability—in fact they simulate high tem- the followingFig. 2 It should be noted that the shown sam-
perature annealing which is indispensable in typical CMOS ple (high-oxygen content/60C anneal) was chosen exem-
processes (mainly—source and drain implantation activa- plary to demonstrate all found emission line and its corre-
tion). All prepared layer types investigated in this papers sponding energetic position. Not on all samples were found
are shown iriTable 1 all emission lines. Furthermore, the existence of some emis-
The PECVD preparation and post-formation treatment of sion lines (e.g. the nitride line in the N1s spectrunfrig. 2)
the layers was done at the Institute for Microelectronics and is not compelling evident from only one spectra of a certain
Optoelectronics (IMIO) in Warsaw. For the measurements Sample but is evident from the set of spectra (taken at dif-
the samples were transferred to the synchrotron BESSY-Ilin

Berlin-Adlershof/Germany. There samples of about 8mam .\ 1

PECVD preparations and post-formation treatments investigated in this
paper

Gas inlet for layers with ...

1 PECVD preparation
... low oxygen (SiH,, NH,)

Post-formation preparation

5 2 Low oxygen content  None 600°C anneal 800C anneal
... high oxygen (SiH,, NH;, N,0) (SiHa:NH3) (as-prepared)
High oxygen content None 600°C anneal 800C anneal
Showerhead (>~ TR [T FTTRT CRR R TTRTTR T

(SiH4:NH3:N20) (as-prepared)

(13.56 MHz RF)_ .
Wafer

Table 2
For PES used photon energies with their respective IMFP

Core-level (approximately Excitation energy, where the
binding energy) (eV) core-levels were measured

150eV 450eV 600eV 750eV 1000eV

Heated
Electrode

Si2p (100) 86 138 1768 21.2 27.¢%
N1s (400) 86 99 138 20Q
01s (530) 75 108 16.8

Fig. 1. Schematic view of the used PECVD reactor. By the use of, SiH
and NH; oxynitride layers with low oxygen content were grown. Adding
N2O to the gas flux oxygen-rich layers could be grown.

The IMFP were calculated by Tanuma et[dl] and validated for Si/Si®
by Yamamoto et al[8].
@ Value for A given in Angstrom units.
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Fig. 2. Line decomposition for the O1s, N1s, and Si2p core-level emission taken=atL000 eV on the high-oxygen content sample annealed t6 600
This sample was taken exemplary to demonstrate all found emission lines with its respective chemical compounds.

‘ Low-Oxygen preparation l ‘ High-Oxygen preparation I content s_ample. Oxynitride on the other hand is the dominat—
— — ing species on all samples. This can be seen already in the
Oxynitide | [ Niide] [onynince | spectra shown iffig. 3. Remarkable here is the large nitride

- i Nitride i
SrSubstrate 02/ %@‘ content of the low-oxygen samples and the decrease of this

/7< A nitride emission upon annealing (left hand sideFdd. 3).

At the high-oxygen samples the Si@mission line appears
/ (right hand side ofig. 3). Even here traces of nitride can

/ \ﬂL be found. Like in the low-oxygen preparation the content of
o nitride and slightly the content of SiQs decreasing.

Summarising these result an overview of the found chem-

/ j ical compounds is given in thEable 3
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4. Discussion

Fig. 3. Comparison of the Si2p spectra of all samples takerhvat
= 1000 eV. The measured da*3 @nd the line decomposition (thick black ~ 4.1. Comparison of the samples
lines) are shown. The single emission (thin black lines) are labelled with
its belonging chemical compound. From Fig. 3 and from the summary iffable 3it can be
concluded that oxynitride layers of the low-oxygen sam-
ferent excitation energies) from these samples and from theples consist of approximately 60% oxynitride SNXD, and
other samples. So the necessity of e.g. the,Sifdission ~ 40% nitride SiN4 (atomic ratio). Upon annealing the ni-
lines in the Ol1s and Si2p spectra or the nitride-emission tride will be oxidised and the nitride emission vanishes with
lines in the N1s and Si2p spectra is evident. This can be increasing annealing temperature. Even on the high-oxygen
seen inFig. 3when comparing the samples. samples the same behaviour can be found. There is much
The line decomposition iRig. 2show only the results for  less nitride detectable but this vanishes too with increas-
one sample. On the other samples not all of these emissionng annealing temperature like on the low-oxygen samples.
could be found. Emissions from Si@re only presentonthe  This can be seen in the ratios of the nitride/oxynitride emis-
high-oxygen content samples whereas nitride emission aresions which are plotted versus the sample preparation in
present at all samples but much stronger on the low-oxygenFig. 4

Table 3
Overview of the found chemical compounds in the different preparations’ ‘means the compound was found in an amount comparable to other
compounds

Preparation Low-oxygen content High-oxygen content

Post-formation treatment As-prepared 600 800°C As-prepared 600 800°C
SiO, v Minor v
Oxynitride v v Dominating v Dominating v
Nitride v v Minor Minor Minor Minor

“Dominating” indicates the dominating compound whereas “minor” indicates less prominent but detectable emissions.dpgears the compound
was not detectable.
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SiO, vs. oxynitride ratio for the High-Oxygen preparation
¥} Nitride vs. oxynitride ratio for the High- and Low-Oxygen preparation

| Low-Oxygen preparation I | High-Oxygen preparation I

] as-prepared

0,64 as-prepared 0,6
2 600°C anneal
E 0’4_3 800°C neal 0,4
c 3 :
Lo g
N 3
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D001 14 . 0,0

Sample preparation

Fig. 4. Ratios of the Si@oxynitride and the nitride/oxynitride emissions taken from the line decompositidfigin3.

The vanishing of the Sl@emlssmn with increasing an—' Preparation:
nealing temperature is much less evident from the data. Like Low-Oxygen 184
it can be seen ifrig. 4there is a minimum Si@content for 50 High-Oxygen d= +8]' ]”/‘&

the 600°C annealed sample. It is not yet clear whether this 45
is typical for samples annealed at low temperatures. There- 40
fore, further experiments with intermediate anneal tempera-
tures have to be performed.

4.2. Layer thickness calculation

The first step of the evaluation of the depth information
is the calculation of the layer thickness. This thickness can
be calculated from the intensity ratio of the oxidigx{dic si)

Layer thickness [A]
n
[&)]

divided by the substratéd supstratp €mission obtained from 5
the line decomposition of the Si2p spectra. Therefore, the 0 e < <Ay
following formula can be derivef,10]: as-deposited 600°C anneal 800 C_)_anneal
Sample treatment after deposition
I . ISisubstratek (Evi . . . . .
d = sio, (Exin) I oxydicSi {p si(Ekin) 1 Fig. 5. Layer thickness calculated for every preparation including the
= ASIO (Lkin Isi substrate onydic Si Asio, (Ekin) standard deviatiow as a statistical error.
0

1

@ temperature. And here it is evident that the low-oxygen con-
Here loxydicsi @and Isisubstrate@re the measured intensities tent samples show a faster increase in layer thickness then
of the Si substrate and the oxidised Si (&i@xynitride, the high-oxygen content samples. This is in agreement with
and nitride). FurthermorégiSubstrat718xydi° S'is represent-  thefindings for the change in the chemical constitution of the
ing the intensity ration of infinite thick Si substrate versus layers where a much larger change in the nitride/oxynitride
infinite thick oxide what is influenced by atomic ratios and ration were observed for the low-oxygen layers. So the ox-
X-ray excitation cross-sections. This ratio was determined idation of the nitride seem to be one possible reason for
on Si/SiG. Applying formula (1) it is possible to calculate the change in layer thickness. The needed oxygen therefore
the layer thickness from every Si2p spectra taken at differ- might come from “excess” oxygen within the layer (SiO
ent excitation energies on a certain sample. As all calcu- reduction, in case of the high-oxygen samples) or from the
lated layer thickness on one sample should be the same, th&xternal environment while the annealing process.
standard deviation can be taken as a statistical error. The

results includings as an error bar are summarised-ig. 5. 4.3. Depth information evaluation
From Fig. 5 it can be seen that the layers grown with
high oxygen content (in a #D:NHj3:SiH; plasma) have an Depth information is contained in the PES spectra due to

about 50% larger thickness in general. This is understand-the exponential attenuation of the photoelectrons with in-
able because Sirowths faster then oxynitridg4] and so creasing depth. By changing the attenuation lerngtbne

a higher oxygen content in the growth ambient increases thecan test the depth structure of the sample: If a chemical com-
growth rate. Furthermore, it can be seen fréig. 5that the pound A is underneath a different chemical compound B the
layer thickness increases with the post-formation annealingPES emission lines belonging to each chemical compound
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Fig. 6. Intensity ratio of the oxynitride/nitride emission from the N1s spectra of all samples investigated in this paper. The same intensity tatb fo
sample consisting of a layered structure of g\gilayer between the Si substrate and the covering oxynitride layer is plotted for comparison.

A and B would show a relative shift in their intensities. In next to the Si-oxynitride interface) is present even in the
other words, the ratio of its intensities will change with the high-oxygen PECVD samples.
attenuation length in a certain (monotonic) way (see thick
grey line inFig. 6).

To check this for the PECVD oxynitride layers the in- 5. Summary
tensity ratio of oxynitride to nitride (Joxynitride]/[nitride])
was plotted versus the excitation energy, respectively the at- The PECVD oxynitride layers investigated here show a
tenuation length. (seeFig. 6). Together with the PECVD  distinct chemical composition, whereas the low-oxygen lay-
samples the intensity ratios of a test sample prepared byers consist of nitride and oxynitride the high-oxygen layers
a treatment of Si(111) in k 10~*mbar NO at 940°C consist of a more or less amount of Si@nd traces of ni-
for 25min are shown. Within that treatment conditions a tride, but the dominating chemical compound is oxynitride.
layer-like structure of the test sample is grown. This was With the post-formation annealing the layer thickness in-
investigated with the same method of depth profiling using creases for all preparations and the nitride vanishes, what
PES with variable excitation enerqg]_ Compared to this means it will be oxidised. This oxidation process, eSpeCiaIIy
layer-like test sample (see inset on the lower righFigf. 6 for the low-oxygen content samples, is understandable, be-
for the depth structure of that test sample) there is no ev- cause the depth analysis show that the nitride and the oxyni-
idence for a layered structure in the data of these PECVD tride is distributed nearly homogeneous and so nitride can
samples. In fact the low-oxygen samples show an almost be transformed into oxynitride because of the oxygen-rich
stable intensity ratio. From this it can be concluded that the neighbourhood of the nitride when thermal energy is sup-
nitride and the oxynitride at least within the low-oxygen Pplied by the annealing process.
layers is distributed nearly homogeneous (mixed nitride and
oxynitride). The intensity ratio of the high-oxygen layer
shows a somewhat more complicate behaviour what indi-
cates a non-homogeneous distribution of the nitride within  \y jike to acknowledge the skilful experimental assis-
the oxynitride. A.detalled mvgstlgathn of that d}Stﬂbgthh tance of Guido Beuckert as well as the beamline support
was not yet possible but the distribution can be investigated ot pavid Batchelor and the BESSY staff. Special thanks to

by simulation of the intensity ratio. But here one has to take Ringo Schmidt, who has done a lot of the data analysis.
into account that the low amount of nitride emission next to

the large oxynitride emission (see middleFRiy. 2) results
in a large error in the line decomposition. But never the less
no such monotone behaviour of the oxynitride/nitride emis- .
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