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Oxynitridation of silicon by remote-plasma excited nitrogen and oxygen

Yoji Saito®

Department of Electrical Engineering and Electronics, Faculty of Engineering, Seikei University,
Kichijoji-Kitamachi 3, Musahino-shi 180, Japan

(Received 12 June 1995; accepted for publication 30 November) 1995

Direct oxynitridation of silicon is performed by remote-plasma excited nitrogen and oxygen gaseous
mixtures at 550 °C. Nitrogen atoms are mainly incorporated near the-SiOnterfaces with Auger
electron spectroscopy measurements. We have controlled the peak density of nitrogen up to at least
several atomic percents, varying the partial pressure of nitrogen and oxygen. The supply of active
oxygen species is required for the growth of oxynitride films, but their excess supply reduces the
density of nitrogen in the films. The proposed technique is a unique process to obtain high quality
ultrathin dielectrics. ©1996 American Institute of Physids$S0003-695(96)01806-3

Oxynitride films have been intensively investigated as adischarge tube made of quartz with an internal diameter of
high-quality gate dielectrit=® The incorporation of nittogen 11 mm. The total pressure was maintained between 1 and 16
at the oxide-silicon interface is considered to improve itsTorr by evacuating with a dry pump. The microwave power
dielectric properties, such as a charge to breakdown and in{2.45 GH2 of 90 W applied to the discharge tube in TEO1
munity to hot carrier injectior mode, excites and decomposes the nitrogen and oxygen mol-

Various researchers have reported on the oxynitridatiorecules. The distance between the center of the excited region
process of silicon with a conventional furnace or a flash lamgnd the substrate was 200 mm. We also carried out experi-
reactor in nitrous oxide gd<° The nitrogen content in the ments by introducing the oxygen gas through the bypass line
N,O grown films is less than a few percent, and the electrigvithout the plasma.
properties are not as good as those of the; Nittided films In order to investigate the film-growth kinetics, the gas
having several percents of nitrogéitiowever, the NH ni-  analysis was performed. The intermediate products were in-
trided films or deposited films must be annealed or reoxiiroduced into the gas-analysis chamber, which is connected
dized at high temperature to remove the Si—H bonds, whicko the reaction chamber, by the differential pumping system
is believed to induce electron traps. through the gas inlet of pinhole with about 0.2 mm diam set

A very recent study has proposed a preparation tech-near the sample surface. The intermediate species were de-
nique of oxynitride silicon films by the exposure of remote- tected with' guadrupole mass analyzer which was mounted in
plasma excited BD and the subsequent chemical vaporf‘he_ angly5|s chamber, where the electron energy for the gas
deposition at low temperature, and has achieved the equivi2nization was 20 eV.

lent films to those by rapid thermal annealing igON The depth profik_as of each element in the grown films
In this work, we tried direct oxynitridation of silicon by were investigated with AES measurements, using an argon

remote-plasma excited nitrogen and oxygen gaseous mi>%9” sputtering technique. The sputtered depth was estimated
tures at low substrate temperature. The wide range of nitro-

rom the sputtering time, where we supposed that the sput-
gen content can be expected by choosing the appropriafgring rate of th(_a Sampl.es Is as large as ‘.h?“ of the thermally
flow-rate condition. After the film growth nitrogen depth pro- grown silicon dioxide films. The composition of each ele-

files in the films were investigated with ABBuger electron ment was determined from the differential intensity of the

spectroscopymeasurements AES signal.
We used thé100) orientedn-type single-crystalline sili- First, the substrates were oxynitrided by plasma excited

: o ) . nitrogen and bypassed oxygen, where the total pressure and
con substrates with resistivity of 8—X2 cm in the experi- g yp yg P

h | boiled | kali soluti ftime were 1 Torr and 60 min, respectively. In this condition
ments. The samples were bol ed in an alkall so ution ofy,q grown oxynitride films have a rather high density of ni-
H,0O:NH,OH:H,0, (6:1:1) for 10 min, and rinsed with flow-

. e ; trogen. The oxynitride films are grown without the plasma
ing DI (de-ionized water. Then, the samples were dipped

into a dilute hydrofluoric acid solution of J@:HF (50:1) for
0.5 min, rinsed with DI water again and blown dry with N 0, )
gas. - Bypass line
Figure 1 shows a schematic diagram of the experimental
system. The substrate was mounted on the susceptor in the
cold wall reaction chamber, and the temperature was con-
trolled to 550 °C by a resistive heater. The substrates cannot
be nitrided below this temperature without nitrogen plasma.

Reaction chamber

Plasma region
Substrate

‘s

2
Quartz tube

N, and G gaseous mixtures were introduced into the reac- Cavity Heater ™
tion chamber at a total flow rate of 600 sccm through the 2.45GHz microwave E vacuation
dElectronic mail: yoji@ee.seikei.ac.jp FIG. 1. Schematic diagram of experimental apparatus.
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FIG. 3. Dependence of the peak density of nitrogen and the thickness of the
grown films on the total pressure, where the ratio flow rate of nitrogen with

FIG. 2. Depth profiles of Auger signal intensity for Si, O, and N as a respect to that of oxygen was 200 and the processing time was 60 min.

parameter of the ratio of the flow rate of nitrogen with respect to that of
oxygen, where the total pressure was 1 Torr and the processing time was 60
min- and an oxygen atom is spontaneously inserted between the
o silicon atoms. Consequently, this oxygen atom likely induces
excitation for oxygen, because oxygen molecules can reagf stress in the remaining silicon-silicon back bond, which
with silicon. The density of nitrogen has a maximum valuesnoyld be much larger than that in an equilibrium condition.
near the Si@-Si interface, in the same manner as that by therpep if the nitrogen atom exists near this site, the nitrogen

conventional oxynitridation process in,@.>" By varying || easily attack the unstable back bond and incorporate into
the ratio of the flow rate of nitrogen with respect to oxygenine |attice.

from 100 to 2, the nitrogen content varies from 15% to 3%.  \ye have also tried the nitridation of an Sicsi sample

However, the growth rate is very slow in this procedure,by the remote-plasma excited nitrogémithout oxygen at
where the thickness of the grown films is below 2 nm. 550 °C, where the thickness of the $iim was about 10
Next, the nitrogen and oxygen gas mixtures were excitegyy | this experiment, we cannot detect the nitrogen either
by the plasma. Figure 2 shows the depth profiles of Augef, the Sig, films or at the interfaces with AES measure-
signal intensity for Si, O, and N as a parameter of the ratio ofnents. The Si@and the interfaces are hardly nitrided even
the flow rate of nitrogen with respect to oxygen, which cor-py, the excited nitrogen in the absence of oxygen. Therefore,
responds to the partial pressure of nitrogen. The total presne oxynitridation process requires both oxidation and nitri-
sure was 1 Torr and the process time was 60 min. With th@jation of a silicon atom simultaneously. On the other hand,
excitation of oxygen the thlckne§s of the grown films in- the excess supply of oxygen species reduces the nitrogen
creases by approximately three times as that withoueX>  content near the interface by accelerating the film growth.
citation for the same flow rate condition, but the nitrogeng ther investigation of then situ photoelectron analysis

content in the films decreases to a factor of three. _ should be performed to indicate the validity of the above
Decreasing the ratio of the flow rate of nitrogen with yiscussion.

respect to oxygen, the thickness of the grown film increases, Finally, the thickness and the nitrogen profiles of the
but the nitrogen peak density decreases. These results Sugrown films have been investigated as a function of the ox-
gest an adequate correlation between the growth rate and tgjirigation. The thickness of the grown films is proportional
peak density of nitrogen. The excited oxygen greatly entg the square root of the oxynitridation time by at least above
hances the growth of the films, but decreases the nitroged nm_ This result indicates that the oxynitride growth is lim-

content. Considering the sensitivity for each element, thggq by the diffusion of reactive species, and is consistent
maximum nitrogen content is estimated to be 10% in Fig. 2yith that for the plasma oxidatioH.

for N2/O,=380. The value of the nitrogen content may in-  Figyre 4 shows the dependence of the nitrogen distribu-
clude the measurement error of about 20% of itself in this
study.

Figure 3 shows the dependence of the peak density of 8 -
nitrogen and the thickness of the grown films on the total Si0g St nterface
pressure. The ratio of nitrogen flow rate with respect to that 6 / / \
of oxygen was 200 and the oxynitridation time was 60 min. . _15mm§ §90mm

3 180min ]

In Fig. 3, by increasing the total pressure, the peak density of

nitrogen decreases and the thickness of the film increases.

The increase of the growth rate is due to the increased supply

of oxidation species. . : .
Now, we discuss a model of the oxynitride growth. We 0 2 4 6 8

suppose that the silicon atom at the $iGi interface would Depth (nm)

be joined to the two oxygen atoms through the front bonds

and two silicon atoms through the back boﬁ%lin the first EIG. 4. Dependen_ce of the n|troger_1 depth p_roﬁles on the oxynitridation
time, where the ratio of flow rate of nitrogen with respect to that of oxygen

step of the 'qunitri'd.e growth, the oxidation _Sp.e.CieS attackgyas 200 and the total pressure was 1 Torr. The depth of the-Sidnter-
one of the silicon-silicon back bonds at the $#@i interface  face in each sample is also indicated as a dashed line.

N density (a.u.)
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tion of the time. Increasing the processing time, the site otontaining several atomic percents of nitrogen by the single
the peak moves accompanied by the SiSi interface. The step process. The proposed technique will give a useful fab-
reason of the decrease of nitrogen near the surface has matation procedure for highly reliable dielectric films in the
been clear at present. future devices, although we have not confirmed the electrical
In order to examine the radicals around the sample surproperties of the grown films. Moreover, we have indicated
face, the gas analysis was performed for the same expetihe great influence of the oxygen species on the oxynitride
mental condition as that in Fig. 4. The density of the plasmagrowth and the incorporation of nitrogen in this system.
induced radicals was estimated by substructing the ion- The author thanks N. Kawabe, A. Tabuchi, and T.
current data without the plasma from those with the plasméomma for their technical assistance. This work is sup-
and supposing the same ionization efficiency for all speciegported by a Grant-in-Aid for Encouragement of Young Sci-
The results show that the atomic nitrogen and atomic oxygeentists from the Ministry of Education, Science, and Culture
would exist at least 1% and 0.4% in the gas phase, respecf Japan, and partially by the Hattori Foundation.
tively. A similar amount of NO and O is also observed, but
their contribution to the reaction may be less than that of N7, 10, T. Nakamura, and H. Ishikawa, IEEE Trans. Electron DevigBs
and O, considering their low reactivity. Analogous to the 29 498(1982.
case of the annealing in® ambient or in 0zone ambiettt, 2; '--t Terg’ Jr, RL- tJtizgtszingnglsNaiman' and S. P. Senturia, IEEE
the decrease of .nitrogen near the syrface is possibly due té’r.eﬁorrci),nH.Tx;:akﬁ T. Ohmura, /i. Sa?in, M. Sato, and Y. Yoshioka, J.
the removal of nitrogen by the atomic oxygén. Appl. Phys.65, 629 (1989.
On the other hand, the peak density of nitrogen near the'H. Hwang, W. Tang, B. Maiti, D. L. Kwong, and J. Lee, Appl. Phys. Lett.
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