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Atomic-order nitridation of Si~100! by an ultraclean electron-cyclotron-resonance nitrogen plasma
and contribution of radicals and ions to the nitridation have been investigated. The N atom
concentration on Si~100! increases with the plasma exposure time and tends to saturate to a value
corresponding to a few atomic layers. In the initial stage, the N atom concentration is normalized by
the product of the relative radical density with the nitrogen plasma exposure time and the number
of the incident ions is much smaller than the nitridation amount, which means the radical reaction
is dominant. Assuming Langmuir-type kinetics neglecting desorption, an excellent agreement is
observed by fitting the experimental data. In the saturation region, the N atom concentration is
normalized by the number of incident ions and becomes higher than that corresponding to the
double atomic layers. Therefore, it is suggested that nitridation of the deeper atoms below the
surface is induced by the ion incidence. ©2000 American Institute of Physics.
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Atomic-order process at low temperatures is necess
to develop ultrasmall Si-based devices made of group
semiconductors. The atomic-order nitridation at a low te
perature is favorable for the future device application,
example, the ultrathin gate insulator, the P or B diffusi
barrier,1 etc. We have reported the atomically controlled p
cess of a Si–N system, such as atomic-order thermal nitr
tion of Si~100!2 and atomic-order plasma-role-share etch
of Si3N4 .3 Plasma processing is extremely useful for e
abling lower process temperatures and making use of pro
gases of low reactivity, e.g., N2 . In plasma processing, it i
very important to clarify the contribution of ions and radica
for realization of damage-free nitridation in the atomic ord
Recently, there have been a number of attempts to carry
nitridation1 and deposition4 of silicon nitride using plasma
excitation. However, there have been no report on the c
tribution of radicals and ions to atomic-order nitridation.

In the present work, the atomic-order plasma nitridat
of Si~100! by a nitrogen plasma without substrate heating
been investigated using an ultraclean electron-cyclotr
resonance~ECR! plasma. Based on the comparison of t
nitridation characteristics with the relative radical expos
amount and the ion incident flux, the contribution of radic
and ions to atomic-order nitridation is discussed.

Nitridation of the Si~100! surface by a nitrogen plasm
was performed without substrate heating using an ultrac
ECR plasma apparatus, schematically shown in Fig. 1.5,6 The
apparatus contains a double load-lock system with a lo
lock chamber and a transfer chamber. The ultimate vacu
of the reaction chamber generated by a turbomolec
pumping system is;731027 Pa. N2 gas used is of ultra-
clean grade and is introduced into the ECR plasm
generating chamber. The nitrogen pressure during the
cess (PN2

) was monitored by a Baratron gauge. Nitrog
plasma was generated for 2–9720 s at 2.56 or 4.40 Pa

a!Electronic mail: murota@riec.tohoku.ac.jp
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the supplied microwave~2.45 GHz! power of 50 or 700 W.
The number of the incident ions onto the wafer was co
trolled by opening and closing the shutter in front of t
wafer. The position of the shutter is;15 mm apart from the
wafer surface. When the shutter is closed, the directio
incidence of ions is suppressed, and radicals and a pa
ions in the nitrogen plasma arrive at the surface from
sideward opening. The optical emission from excited N, N1,
N2 , and N2

1 was measured by IMUC7000 multichann
spectrometer, and the ion current density was measure
an electrostatic mesh electrode system at the subs
position.7

The substrates used werep-type mirror polished Si~100!
wafers. After cleaning by several cycles in a 4:1 solution
H2SO4 and H2O2 and in deionized~DI! water, the substrate
were treated in 1%–2% HF to remove native oxides on
Si surface and rinsed with DI water just before loading in
the load-lock chamber of the ECR apparatus. After nitrid
tion of Si~100!, the surface N atom concentration was es

FIG. 1. Schematical diagram of the ultraclean ECR plasma apparatus2

gas is introduced into the plasma-generating chamber. The shutter is;15
mm apart from the wafer.
© 2000 American Institute of Physics
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mated by x-ray photoelectron spectroscopy~XPS!.2

Figure 2 shows the dependence of the N atom conc
tration on Si~100! on the nitrogen plasma exposure time u
der various plasma conditions. The nitridation of Si occ
even without external substrate heating, and the N atom c
centration increases with the nitrogen plasma exposure
and tends to saturate to a few atomic layers (2 – 631015

cm22), although it depends on the microwave power and
N2 gas pressure. When the shutter is opened~direct expo-
sure!, the N atom concentration on Si becomes higher th
that with the shutter closed~indirect exposure! at each expo-
sure time. It is noted that radicals and negative ions rem
ing for a few ms in nitrogen postdischarge plasmas8 may
contribute to the nitridation. However, in the case of t
indirect exposure in Fig. 2, the N atom concentration is ab
231013 cm22 at 2 s and increases with the nitrogen plas
exposure time. It is clear that the N atom concentration in
nitrogen post discharge plasma is below 231013 cm22.
Therefore, the effect of the remaining species on nitridat
could be almost neglected in the present experiments, s
the almost data shown are above 1014 cm22.

In order to clarify the contribution of radicals and ions
nitridation, it is necessary to compare nitridation characte
tics with the relative incident radical density and the incide
ion flux. The optical emission from the typical species in t
nitrogen plasma is shown in Fig. 3. The optical emiss
intensity (i N) depends on the N2 gas pressure and the micro
wave power. The change ofi N indicates the change of th
number of the excited species in the nitrogen plasma.
dependence of eachi N on the plasma condition for the exc
tation species such as N2 ~316.5, 337.0 nm!, N2

1 ~370.5 nm!
and@N, N1# ~655–680 nm! is similar. The relative intensity
(I N) was calculated by comparing the optical emission
each plasma condition with that at 4.4 Pa with the mic
wave power of 50 W~open circle!. I N becomes 1.3 for the
plasma at 2.6 Pa with 50 W~open square! and 8 for the
plasma at 2.6 Pa with 700 W~open diamond!. Figure 4
shows the dependence of the N atom concentration on
product of the relative optical emission intensity (I N) and the
nitrogen plasma exposure time (t). It is found that the N
atom concentration is normalized well byI N3t in both the
cases of the direct and indirect exposures. Therefore,

FIG. 2. Dependence of the N atom concentration on the nitrogen pla
exposure time.PN2

and the microwave power are 4.4 Pa and 50 W~s!,~d!,
2.6 Pa and 50 W~h!,~j!, and 2.6 Pa and 700 W~L!,~l! for the indirect
~s!, ~h!, ~L! and direct exposure~d!,~j!,~l!.
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radical can be a major species to contribute to the plas
nitridation of Si.

In the indirect and direct exposure, the flux density
the incident ions were 1.031010 and 5.631012 cm22 s21 for
the plasma at 4.4 Pa with 50 W~open and closed circles!,
1.831011 and 2.531013 cm22 s21 for the plasma at 2.6 Pa
with 50 W ~open and closed squares!, 3.231011 and 4.1
31013 cm22 s21 for the plasma at 2.6 Pa with 700 W~open
and closed diamonds!, respectively. These flux densities o
the incident ions are much smaller than the N atom conc
tration per nitridation time in the initial nitridation where th
N atom concentration is below about the double atomic l
ers (1.431015 cm22). Furthermore, the N atom concentr
tion was not normalized by the number of the incident io
as shown below. Therefore, the contribution of ions to ni
dation can be neglected in the initial stage of nitridation.

Assuming that the radicals react only with the atoms
the surface and the surface reaction with radicals proce
according to Langmuir-type kinetics neglecting desorptio
the N atom concentration is given by

NN5Nsat3@12exp~2k3a3I N3t !#, ~1!

a

FIG. 3. Optical emission spectra of typical nitrogen species in the nitro
plasma.PN2

and the microwave power are 4.4 Pa and 50 W~s!, 2.6 Pa and
50 W ~h!, and 2.6 Pa and 700 W~L!.

FIG. 4. Dependence of the N atom concentration on the product of
relative optical emission intensity (I N) and the nitrogen plasma exposur
time (t). PN2

and the microwave power are 4.4 Pa and 50 W~s!,~d!, 2.6
Pa and 50 W~h!,~j!, and 2.6 Pa and 700 W~L!,~l! for the indirect
~s!,~h!,~L! and direct exposure~d!,~j!,~l!. The broken line shows the
values by Eq.~1!.
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whereNsat is the saturation N atom concentration,k the re-
action rate constant of the radicals,I N the relative intensity
of the emission intensity,a the constant to convertI N to the
number of the incident radicals andt the nitrogen plasma
exposure time. The broken line in Fig. 4 is obtained by fitti
the experimental data to Eq.~1!, whereNsat is set 1.431015

cm22 as in the case of low temperature~400 °C! thermal
nitridation of Si.2 In the indirect exposure, good agreemen
observed in the initial nitridation region where the N ato
concentration is smaller than 1.431015 cm22. However, the
N atom concentration in the direct exposure is higher th
that in the indirect exposure. This may be caused by
contribution of the ion-induced reaction, the increase of
substrate temperature due to the ion incidence and
change in the incident radical density. In the saturation
gion, the deviation occurs with further slow nitridation. Ev
when Nsat was set another value corresponding to a f
atomic layers, some deviation remained in the saturation
gion, although a similar fitting for the initial nitridation wa
obtained within the experimental error. This also indica
that the radicals mainly cause the initial nitridation of Si. O
the other hand, the deviation in the saturation region can
due to contribution of the incident ions, because the N at
concentration is higher than that corresponding to the dou
atomic layers, and because the incident energetic ions
expected to react with the deeper atoms of the surface.

Figure 5 shows the dependence of the N atom conc
tration on the number of the incident ions. The broken l
indicates the N atom concentration if each incident ion c
tributes to make two N atoms in the nitride. It is found that
the initial nitridation, the N atom concentration does n

FIG. 5. Dependence of the N atom concentration on the number of
incident ions.PN2

and the microwave power are 4.4 Pa and 50 W~s!,~d!
2.6 Pa and 50 W~h!,~j!, and 2.6 Pa and 700 W~L!,~l! for the indirect
~s!,~h!,~L! and direct exposure~d!,~j!,~l!. The broken line indicates
the N atom concentration when all of the incident nitrogen ions contribut
nitridation. The dotted line shows the double atomic layers (1.431015

cm22).
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agree well and is much higher than the broken line. The
fore, it is considered that the radical reaction is dominan
the initial nitridation. In the saturation region, however, t
N atom concentration is in the same order of the numbe
the incident ions and almost the same in both the cases o
direct and indirect exposures when the number of the in
dent ions was the same, i.e.,;2.031015 cm22. Therefore, it
is suggested that nitridation of the deeper atoms below
surface is induced by the ion incidence.

In conclusion, the N atom concentration on Si~100! in-
creases with the nitrogen plasma exposure time and tend
saturate to a value corresponding to a few atomic lay
(2 – 631015 cm22). In the initial stage, the N atom concen
tration is normalized by the product of the relative radic
density and the plasma exposure time and the numbe
incident ions is much smaller than the nitridation amou
which means the radical reaction is dominant. Assum
Langmuir-type kinetics neglecting desorption, an excell
agreement is observed by fitting the experimental data. In
saturation region where the N atom concentration beco
higher than that corresponding to the double atomic lay
the N atom concentration is almost the same in both
cases of the direct and indirect exposures when the num
of the incident ions is the same. Therefore, it is sugges
that nitridation of the deeper atoms below the surface is
duced by the ion incidence.
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