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Oxidation states in scanning-probe-induced Si 3N, to SiO, conversion
studied by scanning photoemission microscopy
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The biased conductive probe of an atomic force microscope can induce local oxidation in ambience
for converting silicon nitride films to silicon oxides with high reaction rate. Spatially resolved
photoemission analysis with submicron resolution has been utilized to study the oxidation states of
converted silicon oxide patterns in comparison with the surroundigidy $ayer. The core level shift

of the Si2p photoelectron peak and the spectral features in the valence band reveal a complete
conversion of silicon nitride to silicon oxide at a bias voltage of 10 V, with no remaining nitrogen
left. The major oxide is SiQ The observed oxidation states of*Sj SP*, and St* show a
gradient depth distribution indicating excess silicon in the layer.2@1 American Institute of
Physics. [DOI: 10.1063/1.1415415

The need for lithographic techniques with nanometemparameters and substrate dopirgpace charge effects asso-
spatial resolution is obvious for the development of newciated with defect generation during growth are responsible
guantum devices and molecular electronics. In the recent dder nonuniformity of the oxide. In the case of;8i, conver-
cade, scanned probe microscopy, such as scanning tunnelisgn, the reaction between oxyanions, silicon nitride, and the
microscopy(STM) or atomic force microscopyAFM) has  holes accumulated at thezSij/oxide interface causes a re-
emerged as an important tool in nanoscale device fabricatioplacement of nitrogen by oxygen. How far and under what
by utilizing the effect that a local high electrical field be- condition SiN, film can be completely converted to SiOr
tween the probing tip and sample can modify the surfac@nly partially into SiQ_, or SIQ\N, is the subject of this
chemistry in a selective way with nanometer scale resolutionletter and essential for understanding the silicon nitride oxi-
This has been demonstrated for the AFM-induced anodi€lation mechanism. The conversion to QiQ would imply
oxidation in air of Sit? metal surfacesand insulating thin  the coexistence of Si—O and Si—Si bonds in the oxide layer
films,* as well as for the hydrogen-terminated Si surfaces bydue to an excess of Si. Previous micro-Auger electron spec-
ultrahigh vacuum (UHV) STM-induced hydrogen bond troscopy measurements of AFM-induced oxide pads on
breaking, and subsequent reaction with various molectfles. SkN4 film showed the disappearance of thekN-L peak
The recently reported nanoscale conversion of silicon nitrid@nd an enhancement of the Ki:L signal®’ This indicates
film to silicon oxide by one of the authotS$.G) showed an that the conversion to oxynitrides with a substantial amount
amazingly high reaction rafecompared with the case of Of nitrogen in the layer is insignificant. Auger electron spec-
thermal oxidatior?. It is widely accepted that the mechanism roscopy in this case, however, can only reveal elemental
for the process of Si anodic AFM oxidation in regular atmo- COMposition but cannot distin_guish between che_mical states.
sphere at room temperature is essentially controlled by aif’Notoelectron spectroscopy is known for chemical sensitiv-
humidity, i.e., the adsorption of water on the surface. Negally: Put generally has a lack of spatial resolution in the con-
tively charged oxygen ions are injected from the water, andy€ntional mode of operation. We have utilized one of the few
under the high electric field, oxyanions are transportecvailable systems in the world to perform spatially resolved
through the oxide layer to the Si/Sianterface, where they photoemission experimenfswith sybmmron resolution to
react with the positively charged holes and Si to formSi0 Study pads of AFM-converted silicon oxide patterned on

The oxide density is shown to be sensitive to voltage puls§i3N4 film._ i o ] ]
The silicon nitride films were grown op-type Si{001)

wafers with the low pressure chemical vapor deposition
dAuthor to whom correspondence should be addressed; electronic mai{échniqug The original film thickness was 50 A. which was
klauser@srrc.gov.tw i !

bAlso with: Institute of Atomic and Molecular Sciences, Academia Sinica, then reduced to _abO_Ut 25 A by HE_%) etChing_tO g}larantee
Taipei 106, Taiwan, Republic of China. the complete oxidation of the b, film. Local field-induced
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oxidation was performed in air atmosphere with a commer-

cial AFM system using conductive Ptlr-coated probes. Th(:_FI_G. 2. Microp_hotogmission_ spect(dotted curv_e)_sand peak analysis of
applied bias voltages were between 7 and 10 V, producin@' 2p on thg SiN, film and inside the AFM-oxidized pad. Insets are the
. . . orresponding N & spectra.
various patterns of stripes and pads. For locating the pattern
on the sample, however, large squarearBx10 um were
often used in this study. Without any further surface treat- From the imaging mode, one can switch to the spectro-
ment, the samples were imaged in a UHV chamber by sofscopic mode for micro-ultraviolet or micro-x-ray photoelec-
x-ray scanning photoemission microscof@PEM. This  tron spectroscopy analysis by selecting a particular point on
custom-made apparatus at the Synchrotron Radiation Réhe image and measuring photoemission energy distribution
search Center in Hsinchu, Taiwan is based on focusing a softurves. This is displayed in Fig. 2 for a point near the center
x-ray beam in the range between 250 and 800 eV from awf the oxidized pad and for two different photon energies.
undulator beamline by means of Fresnel zone plate optiche photon energy has been calibrated by the Fermi edge of
onto a spot 0.Jum in size!! Details of the SPEM design and a gold sample attached to the same sample holder. Avoiding
performance were given previous! The overall spatial the possible calibration error due to charging, the binding
resolution in this experiment is 0,2m. energy scale has also been determined by the carbon con-
Figure 1 shows a set of 16 simultaneously acquired photamination of the samples. After subtraction of the secondary
toemission images for a photon ener@®E) of 384 eV and electron background, the Sp2spectra were fitted by dou-
the photoelectron binding enerdBE) between 96 and 108 blets of Voigt function with a standard spin-orbit splitting
eV, where the Sif@ peak is located. The pad size of AFM- and branching ratio of the Sig2,, and Si 2/, peak constitu-
oxidized SiN, film (bias voltage of 10 Vis 8 umx10 um.  ents of 0.61 eV and 2, respectively. The $igpectra of the
The gray scale reflects the intensity of the photoelectronssilicon oxide pad for both photon energies show a clear
Obviously, the oxidized pattern can be clearly distinguishedasymmetry to lower BE. The three deconvoluted components
The Si2p signal inside the pad is maximal at channel 7,have SiZs, peak maxima at 103.3, 102.4, and 101.6 eV
representing the state of silicon oxide. Channel 9, with 1.5wvith full-width-at-half-maximum(FWHM) of 1.3, 1.1, and
eV higher kinetic energy than channel 7, shows reversed.l eV, respectively. The BE and the width of the major
contrast and reflects the second chemical state of Si, i.ecomponent agree well with reference values found in the
Si;N,. Channels of background intensity far beyond theliterature for SiQ.'? Si2p core-level spectroscopy of ther-
peak signalchannels 1-4 and 13-16eveal very little con- mally grown SiQ film on Si(100) and S{111) surfaces ex-
trast. The topographic height difference between the oxiddibits four oxidation states of silicon. Besides SiS**),
pattern and SN, is too small(the protruded oxide is about intermediate states of Xi(Si,0), SF(Si0), and
60% of the SjN, film thicknes$) to become evident in the Si**(Si,0;) exist at the SiQ/Si interface. The energy posi-
SPEM image. Similar SPEM maps as for $i 2an be ob- tions of the two deconvoluted shoulder peaks of the,SiO

tained for the energy ranges of I$ And O Is core levels. square in Fig. 2 relative to the Sj(peak agree with the
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FIG. 3. Valence band spectra on thgN§i film, inside the AFM-oxidized
pad, and of a 60 A thick SiQreference sampleghermally oxidized. Energy
zero point corresponds to the Fermi edge of an Au reference sample.

suboxides Si* and St* for the thermally oxidized Si film,

but with about 20% larger peak widths. The®Sispecies

increases in intensity for larger probing depth at photon encouncil of ROC and the Ministry of Education.
ergy of 622 eV(the electron escape length at-P884 eV is

about 10 A and at PE622 eV is about 14 R whereas the

Klauser et al. 3145

the fitted Si 25/, peak at 101.6 eV have FWHM of 1.4 eV, as
expected for a well-prepared,Bi, film. Figure 3 shows the
valence band spectra of a silicon nitride film, the AFM-
oxidized pad, and a 60 A thick reference sample of thermal
SiO, for two different photon energies. The main contribu-
tions in these spectra between 15 and 35 eV are frons O 2
and N, and those below 15 eV are mostly from Sj3
Si3p, O2p, and N 2. The AFM-induced oxidation results

in a strong increase in CsAntensity and the absence of I8 2
signal. The band edge and the shape of the valence band
resemble the spectrum of thermal dioxide. However, a slight
increase in background intensity between 1 and 4 eV illus-
trates the presence of excess silicon in the layer. The band
offset between 60 A SiQand SiN, film is about 4.0 eV.
This value can be compared with 1.5 eV, measured by hole
injection in SiN,.13 We can assume that this inconsistency
can be related to the existence of the silicon-rich oxynitride
phase at the g\ /native oxide interface, which was previ-
ously observed.

In summary, spatially resolved soft x-ray photoemission
microscopy has been employed to study AFM-induced oxi-
dation on silicon nitride films. This technique provides direct
evidence of the oxidation state distribution. It is found that a
well-prepared sample can be completely converted to silicon
oxide. The major oxide is SiQ Within the probing depth of
the photoelectrons, other oxidation states of"Sand Sf*
are also observed. Apparently, suboxides containing Si—Si
bonds are produced in the layer with gradient depth distribu-
tion. Excess Si in the layer escaping from thgNgioxide
interface might explain the enhancement of the oxidation
reaction.
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