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Nano-oxidation of silicon nitride films with an atomic force microscope:
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We demonstrate that local oxidation of silicon nitride films deposited on conductive substrates with
a conductive-probe atomic force microscog@FM) is a very promising approach for
nanofabrication. Scanning Auger microscopy and spectroscopy are employed to verify the chemical
changes after AFM-induced oxidation. Furthermore, the growth kinetics are found to have a
logarithmic relationship of oxide height versus pulse durattonin(t/ty)]. In contrast to rather slow
thermal oxidation process, AFM-induced oxidation on silicon nitride has an anomalously high initial
oxidation rate(~30 000 nm/s at 10 Yand a small onset timig (~10 ws). As for the applications

in ultrahigh-density recording, an oxide dot arrey100 Gbit/in?) produced by this process is
demonstrated. The nitride film patterned by AFM can be utilized as an etching mask to fabricate
“subtractive” silicon nanostructures, due to the large etching selectivity gNSSIO,:Si in
various etchants. With this method, which is entirely compatible with the existing microelectronic
processes, synthesis of ultrahigh packing density and ordered nanostructures could become readily
achievable. ©2001 American Institute of Physic§DOI: 10.1063/1.133921]2

I. INTRODUCTION memory, and charge-trapping media in nonvolatile memory.

The chemical selective etchings of oxide and silicon over
Silicon nitride (SigN,) is a dielectric material widely pitride in many wet etcharft§ or dry processésare also

used for both silicon and gallium arsenide processing due t9ery important for the mask applications. As the decreasing

its many superior material properties. In contrast 10310 f ¢ritical dimensions of ULSI circuits continues, an effec-

SisN4 has unique chemical, electrical, and mechanical propgye and reliable patterning process for silicon nitride film on

erties. For example, it has larger dielectric const@® vs  he nanometer scale becomes increasingly significant.

3.9), refractive index(2.05 vs 1.4 and density(3.1 vs 2.2 Many researches have demonstrated that scanning probe

glen), as compared With.S_ipl In one of the most impor- yicroscope'SPM) induced oxidation can be used to achieve
tant applications, silicon nitride is used as an oxidation mask ., meter-scale patterning  on  semicondudicts

(oxidation rate is about 100 times less than silicdnring metalsi®12 and to fabricate various devices, e.g., metal—

the local oxidation of silicon proceésln order to achieve oxide—semiconductor field effect transistoMOSFET),
high levels of integration and speed, the scaling of ultralarge-side_gated FE? room-temperature single ele’ctron
scale in';egrate(ULSl) circuits wiII_dev_eIop into_the nanom-  ansistort® and high-aspect-ratio and high-packing-density
eter regimg(<100 nm and ultrathin Si@ gate dielectrics of silicon nanostructure. Recently, Gara et al’ reported

<2-3 nm thick will become necessary in the near future. T%e fabrication of high-areal-density oxide dot arrays on a

rgducg the problem of d_lrect tur_melmg in the case of UItrathIrhydrogen-passivated silicon substrate using noncontact
SiO,, insulators with higher dielectric constants are MOre, i mic force microscopyAFM) and Coopeet al® reported
favor.at')le as 'the gate_dlglectrlcs. Thgreforgh@and S|.I|con the case of oxide array with an areal density of 1.6 Tb#/in.
oxynitride (SiQNy) thin films are particularly interesting for

thi licatior? In addition. thev h b qf . on a titanium film using a single-wall carbon nanotube
IS application. In addition, they have been used tor paSS"grown on an AFM cantilever, revealing a new approach for
vation layers, barrier layers against impurity diffusion, ion

implant masks. gate dielectrics in dvnamic. random accesultrahigh—density data recording using AFM-induced oxida-
P ' 9 y flon. In principle, AFM-induced oxidation is a feasible pro-
cess for nanometer-scale patterning on thin dielectric films
dAlso with: Center for Measurement Standards, Hsinchu 300, Taiwan; Indeposited on conductive substrates. However, there are few
stitute of Electro-Optical Engineering, National Chiao-Tung University, reports in the literature to address this subject. In 1996, Day
Hsinchu 300, Taiwan. do P - "
bAuthor to whom correspondence should be addressed; electronic maiftNd A!Ie. repprted the pOSSIbIlItY of local 0X|d§t|0n on 5'“_'
gwo@phys.nthu.edu.tw con nitride using the tungsten tip of a scanning tunneling
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microscope (STM). Very recently, we have successfully
proved the conversion of $l, to SiQ, with a conductive-
probe AFM?°

In this article, we present the chemical analysis of the
AFM-induced oxide using scanning Auger microscopy/
spectroscopySAM/S) to show that AFM-induced oxidation
is an effective method for conversion of silicon nitrides to
oxides. We also present the oxide growth behavior and ki-
netics, although the exact AFM oxidation mechanism of sili-
con nitride is still unclear at this moment. Due to the small
oxide onset time, the initial growth rate of oxide on silicon
nitride is two orders of magnitude higher than that on silicon.
Besides, we present examples of ultrahigh-density oxide dot
array and nanostructures fabricated using f@Ngimask to
demonstrate the prospective applications of AFM-induced
oxidation on silicon nitride films.

Il. EXPERIMENTAL CONDITIONS

The silicon nitride films were grown oprtype, 10€) cm,
(100)-oriented Si wafers in a low pressure chemical vapor
deposition(LPCVD) reactor at 780 °C using a mixture of
SiCLH, (30 sccm and NH; (130 sccm. Two films with
thickness of 2.5 nn{sample A and 5 nm(sample B as FIG. 1. (a_) SEM micrograph of the AFM-induced oxidt_e squares on the
measured by elipsometry were used for this study. Th&PCYD Silein, Tuo bick spois obseried n e e e el
sample B was further densified by rapid thermal anneal atappings of the nitrogen and oxygen elements on the same region. The gray
1000 °C in a nitrogen gas for 10 s. The film thickness wasscale is used to represent the element contémighter regions contain
reduced to 4.2 nm after annealing. Local field-induced oxi-more of the specified elemont
dation was performed with a commercial AFM/STM micro-
scope operated in both contact and tapping modes in ambient
air. The AFM cantilevers used for oxidation were highly while, the magnitude of CKLL is much enhanced in the
doped(0.01-0.02%2 cm) n*-Si cantilevers. The typical tip modified area as compared with that in the as-grown area.
radius, force constant, and resonance frequency of the corfherefore, it is clear that the nitrogen content is thoroughly
tact mode cantilevers were 10 nm, 0.2 N/m, and 13 kHzreplaced by the oxygen atoms. The results of SAM/S support
respectively. After coated with a 23 nm thick double layer ofthe previous suggestidhthat the nitride films can be con-

Cr and Pt/Ir, the typical tip radius became30 nm. The verted to oxides by a SPM oxidation process. The mobile
typical tip radius, force constant, and resonance frequency afxyanions (OH) drift toward the anodic substrate in re-
the tapping mode cantilevers used were 10 nm, 32 N/m, angponse to the intense local field beneath the AFM tip and

273 kHz, respectively. react with silicon nitride at the oxide/nitride interface while
the nitrogen-related species drift outward.
Ill. RESULTS AND DISCUSSIONS In addition to the LPCVD films, we also applied the

AFM-induced oxidation process on a single-crystal nitride
film. The film was grown on a $111) substrate by thermal
To investigate the conversion of silicon nitride to oxide, nitridation using ammonia. The @il1)-(7X7) surface was
SAM/S was utilized to analyze the chemical composition.prepared in an ultrahigh vacuut@HV) chamber at a base
Three ~4x4 um? squares on sample A were modified by
the coated contact-mode cantilever at @.4n/s scan speed
with a 10 V bias applied to the sample. Figur@)lis the
scanning electron microscodSEM) image, which shows
the layout of the squares. The SAM mappings of the nitrogen
and oxygen compositions at the same AFM-oxidized region
are shown in Figs. (b) and Xc), respectively, in which the
gray level is proportional to the amount of the specific ele-
ment. Obviously, in the modified area, the nitrogen content is
suppressed but the oxygen content is enhanced. Auger spec-
tra taken from the as-grown and modified areas are shown in . . . . .
Fig. 2. Both spectra have emission peaks of 8V at ~86 0 250 500 750 1000 1250 1500
eV, SiKLL at ~1620 eV, and CKLL at ~512 eV. However, Kinetic Energy (eV)
the peak of NKLL at ~385 eV in the as-grown area COM- FiG. 2. Auger electron spectra at the AFM-induced oxide and as-grown
pletely disappears after the film has been modified. Meanareas of the LPCVD $N, film.

A. SAM/S analysis

AFM-induced oxide area

As-grown area
N-KLL { u

SiLVY OKLL SLKLL

AN(EYA(E) (arb. unit)

Downloaded 26 Feb 2007 to 140.109.103.226. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Chien et al. 2467

=]
5 -
% Ar
@ L
% [ Si-LVV C-KLL N-KLL O-KLL
0 200 400 600
Kinetic Energy (eV)

mmw:omm-wno--'e - are A
FIG. 3. Auger electron spectra taken on the single-crystM Siilm before
(upper spectrumand after Ar ion sputteringlower spectrum

pressure ok 1x 10~ 1° Torr and heated to 900 °C for 20 min
while NH; gas was leaked into the chamber at a pressure of
10 8 Torr (~12 L). The film thickness was estimated to be
2—-3 nm according to previous repofisThe film was veri-
fiedin situby a UHV STM to be a single-crystal film with an
(8x8) surface reconstructioff.Figure 3 is the Auger spectra

of the films before and after Ar ion sputtering. Before sput-
tering, observations of the peak of IKLL at ~385 eV and

the double peaks of %iVV at ~88 (Si—N) and~94 (Si-Sj)

eV are the evidence for silicon nitridation. The observed
double SitVV peaks originate from the Si—N and Si—Si
bonding, respectively. The peak of KLL at ~267 eV indi-
cates carbon contamination on the air-exposed surface. Ar-
gon ion sputtering of 3 keV accelerating voltage and 300 nA
ion current was employed f& s toeliminate contamination.
The sputtering rate of the film is aboutl—2 A/s, therefore,
corresponding to total sputtered film thickness-ef nm.

The nitrogen content remains almost constant after sputter-
ing, indicating the original nitride thickness was larger than 1
nm. On the other hand, the contents of oxygen and carbon
were significantly reduced. The peak of elemental BV at

~94 eV was much enhanced because the nitride film became
thinner and the underlying Si substrate signal became more
significant. AFM-induced oxides can also be produced on ) ) ) ) )
tis type of fim. Figures @) and 4b) are the AFM image 0 A Iages.tne AFMduees oxteon e st sty
and cross-section profile of AFM-induced oxide lines, andoxide height is~2 nm and the full width is~250 nm.(b) Cross-sectional
Fig. 4(c) is the AFM image of a %4 um? oxide square height profile along the marked line if®). (c) 4x4 um? oxide square
produced by AFM on the film. The monolayer-height0.3 produced with 10 V bias and 0.32m/s writing speed. The oxide height is
nm) steps in the modified square can be clearly observed +4 "™

even after AFM-induced oxidation, demonstrating that the

AFM-induced oxidation process has an atomic smooth nathe oxide height is proportional to the direct logarithm of
ture. pulse duratiorfhxIn(t)] based on the data obtained by con-

tact mode AFM oxidation on $100 substrates. An expo-
nential dependence of oxidation rate on oxide height,
dh/dtecexp(~=h/L,), can be deduced from this kinetics,
A clear understanding of the kinetics of AFM-induced wherel . is the characteristic decay length. They suggested
oxidation is necessary to precisely control the oxide featureghat due to the fact that the molecular volume of Si®
In the previous studies, Teuschler al® reported the em- twice as large as that of Si, the development of stress leads to
pirical power law for the growth kinetics in which the height an additional activation energy barrier, causing rapid de-
(h) is proportional to they power of pulse duratiofih(t) crease of oxidation rate with increasing oxide height. Later,
«t?] with y = 1/4 for the hydrogen-terminated ($11). Calleja and Garef’ observed the same logarithmic behavior
Based on the Cabrera—Mott the&hof field-induced ionic by noncontact mode AFM oxidation on($00).
transport, Sfieenardet al?® found that the oxide growth ki- In 1956, Uhlig® obtained the direct-logarithmic form
netics can be described by the inverse-logarithmic form[h(t) =Kk, In(t/7+1)] of oxide growth by assuming the oxi-
where 1h(t)=A-B-In(t) (A and B are fit parametejs dation rate is limited by the space charges increasingly
Avouris et al?® proposed the logarithmic kinetics in which trapped at and around the film—oxide interface. By using

Height (nm)

B. Oxide growth kinetics
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FIG. 5. (a) Plot of oxide heighth) vs applied biagV) using a contact mode Height (nm)
AFM with 200 ms pulse duratioifthe set point was 1 nN and feedback
servo on on the LPCVD SjN, film. (b) Plot of oxide height vs applied bias FIG. 6. (8) Oxide height plotted as a function of pulse duratidnms-1 $
using a tapping mode AFM with 100 ms pulse duratitre feedback servo ~ on a logarithmic time scale at 9 and 10 V. The sample is the LPCVD grown
off during AFM oxidation) on the LPCVD SjN,, film. SisN, film. The data points represent the experimental results averaged over
several dots. In the inset, both types of logarithmic fittifthe dashed lines
are fitted withh(t) =kg-In(t/7+1) and the solid lines are fitted with(t)

; _ ; ; =L.-In(t/'ty)] are displayed for comparison as well as the previously re-
scanning Maxwell-stress microscopy, Dagata dlreCtly orted result on $100 (Ref. 27. (b) Exponential decay relation of the

observed the trapped charge within the grown oxide. ReCOi?'xidation rate vs the grown oxide thickngsdh/dt=R,-exp(—h/L.) ] de-
nizing that space charge buildup is the main rate-limitingrived from the kinetic data shown ifa), whereR, is the initial oxidation
step, Dagatat al*° further implemented the Uhlig model by rate andL, is the characteristic decay length.

explicitly incorporating the direct and indirect oxidation pro-

cesses using the Alberty—Miller formali$hfor AFM-

induced oxidation on silicon. They discovered that AFM oxi- contact and tapping mode, respectively. The effective elec-
dation on Si exhibits a two-stage kinetics. In the transientrical field in the tapping mode is smaller for the dynamically
region (~0.5 s for Sj, both power law and Uhlig direct- oscillating cantilever and higher threshold voltage is required
logarithmic law are adequate in describing the oxidation beas compared with that of the contact mode.

havior. However, after entering the steady-state growth re- For studying the oxidation kinetics, voltage pulses of
gion, a full consideration using the Alberty—Miller various durationg1-1000 m$ were applied to the silicon
formalism is required. Recently, using the concept of spacaitride film and the patterned oxide dots were analyzed by
charge limited growth, Dubois and Bubenddffhave also contact mode AFM. Figure(8) displays the linear-log plots
successfully derived the power law form of AFM-induced of oxide height versus pulse duration at biases of 9 and 10 V.
anodic oxidation. For this work, we are interested in theThe oxide height is found to increase as the logarithm of the
initial growth rates of AFM-induced oxide on i, . There-  pulse duration in both cases, that is similar to the empirical
fore, only the transient-region data are presented here and welationships obtained for silicdi:?” Instead of the Uhlig
use the direct-logarithmic formalism to fit our results. How- direct-log form,h(t) =kg- In(t/7+1), wherek, and r are con-
ever, a full understanding of the oxidation kinetics may re-stants andh(0)=0, we find that it is better to fit the data with
quire data taken with longer oxidation time and a larger volt-h(t) =L.- In(t/ty) , whereL is a voltage-dependent constant.
age range. By extrapolating the fitted straight line &gt)=L.- In(t/ty)

We studied the variation of oxide height with the appliedto the logarithmic time axias shown in Fig. @], we can

voltage and exposure time on sample B using both contadind the oxide onset timé&,, which represents the period of
and tapping modes of AFM. The AFM-induced oxide is to- time required for oxide to start growth upon applying voltage
pographically protruded since the molar volume of siliconpulses. Also, an exponential decay relationship of the growth
oxide is larger than that of silicon nitride. Figuréaband rate to oxide heighfdh/dt=R,-exp(~h/L.)] can be found
5(b) are plots of the oxide heiglth) versus applied voltage from the kinetic datdFig. 6(b)], where Ry=L./t, corre-
(V) for 200 ms pulse duration in contact mode and 100 ms irsponds to the initial oxidation rate. Although the detailed
tapping mode, respectively. A linear dependence of oxidehemical reactions are rather different, the AFM-induced
height on bias voltage witheV —Vy, is found, whereV/y,is  oxidation process on both silicon nitride and silicon obeys
the threshold voltage correspondingta@l.3 and~8 V for ~ the same logarithmic relationship bfandt and the expo-

|29
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TABLE |. Growth kinetic parameters of AFM-induced oxidation on silicon
nitride and silicon.

Bias (V) L, (nm)  t,2(9 Ry (nm/s

Si;N, Contact mode 10 029 8J10°° 3.3x 10
9 024 1.%10° 1.3x10%

Si° (Ref. 26 10 0.39 41072 9.8

Si? (Ref. 27 10 035 1.x%10°% 250

aDetermined by the intercept at the logarithnhiaxis of the fitted line.
PDerived fromL, /t,.

By contact mode AFML . is 0.9 nmxlog;(e).

9By noncontact mode AFML . is 0.1+0.03<10—0.0005% 107 (nm) andt,
=exp(—blL,), whereb=— 2.1+ 0.5x 10— 0.006< 10? (nm).

nential decay relationship afh/dt and h. The logarithmic
relationship appears as a universal behavior of AFM-induced
oxidation for most of materials studied in the transient re-
gion.

Table | shows the comparison of the oxide growth pa-
rameters (., tg, andRy) of silicon nitride and silicon per-
formed at similar sample biases. For silicon nitride,is a
linear function of bias voltage, consistent with the relation-
ship of oxide height and bias at a fixed oxidation tinfe (
«V—Vy,). A proportional constant of characteristic decay
length to bias is determined as/(V—Vy,) = 0.051 nm/V.
Contrary to the thermal oxidation proc&$where the oxida-
tion rate of silicon nitride is two orders of magnitude less
than that of silicon, the silicon nitride film has much higher
Ry (—30 000 nm/g compared with that of $100 (10-250
nm/s, Refs. 26 and 27under similar experimental condi-
tions. Since the magnitudes &f, of silicon nitride and
Si(100 at 10 V are about the same order of magnitude
(0.29-0.39 nmy we conclude that the high initial oxidation
rate of silicon nitride might result from the small oxide onset

time (~10 ’U’S)’ which is two orders of magnitude smaller FIG. 7. (@ and (b) Contrast-reversed AFM images of an AFM-induced

than that of Sﬁlop) (~1my [See m_Set_ of F'g' (@)] . oxide circle on the LPCVD $N, film taken with interleaved dual-scan
In our experiments, the electric field is weaker than inmode (bottom-to-top and top-to-bottom scanning direction, respectively

the case of a bare Si sample biased at the same voltage due to

the starting thickness of the insulating nitride layer. The ini-

tial field intensity underneath the tip apex, calculated from0.82 nm/min for traditional anodic oxidatidhwith a field
the formula of Konselet al®* for 30 nm tip radius, 10 V  intensity of 1.9<10° V/m at 7.5 mA/cm}, AFM-induced oxi-
bias, and 4 nm separation between tip and Si substrate gajation rate of SiN, is many orders of magnitude faster than
filled with Si;N, (refractive index= 2) is about 1.X10°  the conventional methods.

V/m which is close to the critical field intensity for AFM-
induced oxidation on $100).2%%3€0n the other hand, the
stress in silicon nitride films grown on silicon substrates is
known to be tensile{1x 10° dyn/cnt), while the stress in During our experiments, we sometimes observed the
silicon oxide films grown on silicon substrates is compres-contrast reversal of contact-mode images of AFM-induced
sive (~3x 10° dyn/cn?).® Therefore, the mismatch between oxide taken interleavely with opposite-direction scans either
SiO, and SgN, is larger than that between Sj@nd Si. Asa  bottom to top followed by top to bottom or left to right
result, the AFM-induced oxide grown on silicon nitride con- followed by right to left after the silicon cantilevefsmetal
tains more stress than that in the AFM-induced oxide growrtoated or uncoatgdad been used extensively. In Figéa)7

on silicon substrates. Because of weaker electric field andnd 7b), a 4.5um diameter oxide circle was produced by 10
larger compressive stress in the AFM-induced ,Si®oth  V pulses and imaged with interleaved scans. A protruded
thickness-limited* and stress-limitedd kinetic models can- topography of 1.5 nm height was recorded from the bottom-
not account for the anomalously high oxidation rate observedtb-top scan, while a depressed one of 1.0 nm depth was ob-
on SgN,. In addition, compared with the rate coefficieht tained from the top-to-bottom scan. Occasionally, the “ap-
=1 nm/mirf® (h=At?) for the wet thermal oxidation at parent” height or depth can be as large as 100 nm.
1100 °C and under 0.95 atm of water vapband the rate of Definitely, the real AFM-induced oxide height cannot be so

C. Image reversal
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FIG. 8. Oxide dot array of 100 Gbits/Mbit areal density on the LPCVD FIG. 9. (8 AFM image of oxide lines on the LPCVD $i, film. (b)

Si3N4. film. This dot array is lobtained t_)y applying p‘ﬂ'ses*ﬁf Vand 5 ms Trenches on the same region after dipping in HF soluionAFM image of
duration on the predetermined locations with a tip moving speed of O'Qhev-grooved Si structure on the same region after KOH etching.
pm/s. The total writing time is~30 s for this array.

large. Such a topographic reversal phenomenon was also oBitride requires a shorter writing time, so higher recording
served for the AFM-induced oxide on silicon substrates. Wespeed can be achieved. It should be noted that the slow probe
believe that the space charges trapped in the grown oxid@Peed0.5um/s) used here is only due to the instrumentation
cause the image reversal. Space charges exert additiodinit. With the current advances in high-spe¥d,
forces on the worn cantilevers and cause the response of t#rge-ared; and parallel-prob&** methods, the fundamen-
optical-lever feedback systéfito maintain a constant bend- tal limit to the writing speed using this approach is the initial
ing of the cantilever. Throughout our oxidation experimentsoxidation rate.

discussed above for kinetics study, we always took AFM  The patterned nitride films can be used as etch masks
images in both scan directions to make sure that near|y iderﬂue to the Iarge etch SeleCtiVity of silicon nitride to oxide and

tical oxide topographic heights were obtained, excluding facsilicon. The etching rates in 1% HF solution determined by
titious effects from the trapped space charges. eIIipsometry are 0.01 nm/s for the sample B and 0.27 nm/s

for AFM-induced oxide, corresponding to an etch selectivity
of 27. Therefore, HF dipping can remove the AFM-induced
oxide without substantial etching to the nitride film. The pat-
terned windows, exposing the Si substrate, can be used for
subsequent fabrication process development of nanostruc-
Two of the most prospective applications of AFM- tures.
induced oxidation are ultrahigh-density data recording and The etching rate of silicon nitride film in a KOH solution
AFM nanolithography process. In this section, we will is very slow. Under some conditioAghe selectivity of Si/
present examples of AFM-induced oxidation on silicon ni-SizN, in a KOH solution is extremely higfL000:1. For the
tride films for high-density surface modification and nano-usage of the AFM oxidation technique, a thin mask film is
structure fabrication. Shown in Fig. 8, we generated an oxidg@referred to produce high-areal-density patterned Si-
dot array with an areal density 6100 Gbit/in?> on sample  exposing windows. Hence, before patterning, the nitride film
B by applying pulses of+9 V and 5 ms duration on the (sample B was thinned to 3 nm thickmeasured by ellip-
predetermined locations with a tip moving speed of 0.5sometry by dipping in a 1% HF solution for 120 s. Figure 9
um/s. The total writing time is~30 s for this array. The shows the process to producé/ayroove Si structure. First,
oxide formation is very reproducible and uniform wittd5  oxide lines parallel to thé110) direction were written with
nm dot diameter and-1.2 nm oxide height. The AFM- 10 V bias and 0.08&:m/s writing speediFig. Aa)]. The oxide
induced oxidation on nitride film can be used as a write-oncés 2 nm high and with a full width at half maximum
and read-many data recording technique with a higher areaFWHM) of 210 nm. After the sample was dipped in a 1%
density than the predicted superparamagnetic limit for thedF solution for 20 s at 26 °C, the oxide lines were selec-
magnetic recording. Compared with hydrogen-passivatetively removed and the topography converted to 3 nm deep
silicon substrates and titanium films oxidized in ambient,trenches with a FWHM of 230 nriFig. Ab)]. The conver-
silicon nitride film is more superior as a data recording me-sion ratio of total oxide volume to the consumed silicon vol-
dium due to its resistance to oxidation under ambient condiume defined by total oxide height divided by the buried ox-
tions. Additionally, the high initial oxidation rate of silicon ide depth is about 1.67. After subsequent etching in a 20

IV. APPLICATIONS FOR DATA RECORDING AND
NANOSTRUCTURE FABRICATION
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single-crystal silicon nitride film is an atomic smooth pro-
cess. In the study of oxidation kinetics, the oxide height is
found to be linearly proportional to the bias applied to the
sample in both contact and tapping modes of AFM. In addi-
tion, the oxide growth kinetics obeys the logarithmic rela-
tionship of oxide height and pulse duration hét)=L,
-In(t/tp) , which is similar to the previous results on(B0)
conducted by contact and noncontact modes. We find that
the initial oxidation ratdR, can be related tb./ty. Due to its
anomalously small oxide onset tinig (~10 us), the initial
growth rate(~30 000 nm/s at 10 Yof oxide on nitride films

is two orders of magnitude higher than that on silicon sub-
strates under similar conditions. It is surprising that AFM-
induced oxidation on elementary materigdsg., S) and on
compounds(e.g., SiN,) has the same growth kinetics and
SizN,, traditionally used as an oxidation mask, has an ex-
tremely high initial oxidation rate. The role of nitrogen
seems to be critical for this process. Further studies are nec-
essary to reveal the exact cause of these phenomena.

For practical applications, we have demonstrated two ex-
amples to show the feasible applications of AFM oxidation
of nitride films on the nanometer scale. First, the AFM oxi-
dation of nitride films can be employed for ultrahigh-density
FIG. 10. (@) AFM image of an array of inverted pyramid pits on the i (—~100 Gbit/in?) data recording with the advantages of high
substrate(b) Perspective view of a single inverted pyramid pit. writing speed and resistance to oxidation under ambient con-
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formed by two intersecting111} crystal planes because of .54 pe used as templates for selective-area gréavii‘ad-

the anisotropic etching of silicon in KOHIFig. Ac)]. The jitive” process or nanomechanical devices.
V-groove opening on the surface is about 350 nm and depth
is 150 nm.
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