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Electrical transients in the ion-beam-induced nitridation of silicon
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We have studied the dynamics of the initial stages of silicon nitride formation on silicon surfaces
under nitrogen beam bombardment in the secondary ion mass spectrometry apparatus. We have
shown that the secondary ion signal exhibits damped oscillations below the critical impact angle for
nitride formation. We have described this oscillatory response by a second-order differential
equation and argued that it is initiated by some fluctuations in film thickness followed by the
fluctuations in surface charging. ®001 American Institute of Physics.
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lon-induced formation of surface compounds involvesface at normal incidence. We stress, once again, that the
several, often competing processes, determined primarily bgurves in Fig. 1 reflect the dynamic evolution of the Si sur-
the ion energy and angle of incident®ecently, we have face under nitrogen bombardment as both signals were col-
shown that the bombardment of Si with oxygen ions in a fewlected during the formation of a buried nitride layer and its
keV range can produce stoichiometric oxide layers with theextension to the surface by sputtering. Before reaching a con-
thickness closely related to the projected range of oxygestant level(for t>550 9, both signals exhibit several oscil-
ions in Si?® The formation of nitride films under bombard- lations, more intensive in the case of nitrogen signal.
ment with nitrogen ions shows similar effects, as nitrogen  Recently, we have shown that the bombardment of Si
and oxygen have similar masses and ranges in Si, show simivith nitrogen ions at near-normal incidence eventually trans-
lar sputtering effects and both have the ability to formforms the surface into a continuous nitride laydre criti-
chemical compounds with $© However, the large electrical cal angle for nitride formatiorimeasured from the surface
and structural differences between oxide and nitride filmsiorma) depends on the nitrogen-beam energy. This effect is
contribute to the different dynamics of oxygen and nitrogenshown in more detail in Fig. 2 giving the dependence of
atoms accumulation under the Si surface and diffuison durnitrogen build-up profiles on the primary beam angle of in-
ing ion bombardment. cidence for 13.5 keV §l bombardment. As the impact angle

In the present letter, we report on the dynamics of initialincreases from 0° to 45°, oscillations become less intensive
stages in nitride film formation under low-energy nitrogenand eventually disappear above 30°. This behavior correlates
ion bombardment. All measurements were performed in aicely with the angular dependence of the nitrogen content
qguadrupole-type secondary ion mass spectromedivs) determined from the Rutherford backscattering spectra taken
apparatugRiber MIQ 256 in which the ion-beam energy from the bottom of the SIMS craters produced by 13.5 keV
and angle of incidence can be changed independently. IN; bombardment at different impact angheBor angles less
SIMS, the removal of surface atoms by energetic ion impactthan about 30°, N-rich nitride layer is formed at the Si sur-
known as sputtering, at the one time provides the analyticalace (with the ratio of N to Si of about 2)3 whereas at
signal and erodes the surface to give information about the
in-depth distribution of impurities. This unique feature of the
SIMS technique enabled us to monitor the response of the
system(i.e., the current of secondary ions sputtered from the
surface simultaneously with the build up of nitrogen atoms
below the Si surface and the formation of a buried nitride
layer and its extension to the surface. In that way, we were
able to follow the dynamics of nitride formation from the
early stagedwithin the transient region when surface com-
position changes from pure Si to Si—nitrjdevell before the
dynamic equilibrium was established. Here, the dynamic
equilibrium is defined by the balance between the erosion of
the nitride layer at the surface by sputtering and its growth at
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In Fig. 1 we show the signal of nitrogen and silicon, 0 100 200 300 400 500 600
represented by thE¥N"* and?8Si* ions, respectively, within Sputtering time : t (s)

the transient region for 10 keV Nbombardment of Si sur-
FIG. 1. Buildup profiles of nitrogen and silicon, represented'ty* and

23" jons, respectively, measured in the transient region during 10 kEV N
3E|ectronic mail: mladen.petravic@anu.edu.au bombardment of Si at normal incidence.
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FIG. 2. Nitrogen signal measured during bombardment of Si with 13.5 keV 0 100 200 300 400

N3 ions at different angles of incidence.

Sputtering time (s)

EIG. 3. Nitrogen signal measured from a clean and an Au-coated Si surface

higher angles, the combination of sputtering and depth of th Suring 10 kev N bombardment at normal incidence.

implanted nitrogen limits the compositién.

The initial stage of nitride formation is similar to that of
oxide formatior?*® Briefly, with increasing nitrogen dose, ment and sputtering of the surface reduces the film thickness
the nitrogen concentration builds up below the surface, witH0 the one comparable to the range of N in Si—nitride,
no apparent movement of N in Si, until a buried nitride layermore precisely, to the range plus stragg)ingt this stage, N
is formed. At this stage, the difference between the oxygerPns start to penetrate again into the underlying Si, but much
and nitrogen induced effects becomes significant. Firstly, €eper than they would into the Si nitride, giving rise to the
dramatic densification during nitride formatigdensity of ~ increase of film thickness slightly above the range of N at-
tion in ion ranges in Si—nitride compared with Si: 125 A andange of N ions in Si—nitride and the whole process repeats
195 A, respectively, for 13.5 keV Nbombardmentshown itself. In other words, the combination of sputtering and the
in Fig. 2 from the TRIM95 code’ Secondly, the low diffu- change in penetration depth of N atoms from Si to Si—nitride
sivity of nitrogen in Si—nitride contributes to the build up of ©PPoses the change of film thickness and tries to keep it
nitrogen atoms within the buried nitride layer. On the otherconstant. When the film becomes too thick, sputtering re-
hand, there is a strong tendency for nitrogen to forgraNd duces its width. When the film becomes too thin, N atoms
hence, the high dose nitrogen implantation may result in forPenetrate into underlying Si, react with Si and increase the
mation of a gas-phase,Mubbles near the projected range of film thickness. This situation is analogous to the action of an
nitrogen ions in SF Finally, it is well known that the insu- inductor in an electrical circuit. If the current through an
lating surfaces, such as oxides and nitrides, will charge posfductor changes, the inductor physical voltage opposes the

tively under ion bombardmefitHowever, the surface charg- change tending to keep the current constant. However, the

ing on nitride surfaces may be several times higher than oMariation in film thickness eventually dies out and a steady
oxide surfaced’ Any change of the surface charge will state situation prevails. The “inductance” of nitride layers

change the signal of secondary ions sputtered from the suP€COMes less pronounced at higher bombgfdme“t afugles
face. Indeed, the surface charging plays an important role if9- 2 or lower impact energieot show,” as t.he.hlghe.r
development of oscillatory response, as illustrated in Fig. 3§pqtter_|ng ratesnumber of ;puttered atoms per |nC|c'ie.n't on,
Samples coated with thin Au filmd0—20 nm have shown V,Vh'Ch INCreases V.V'th the impact apgler the. lower '”.'“a'
reduced, or even completely suppressed, oscillations. Coaff!m th|ckn_ess(whlch decreases W'th. lowering the impact
ing the surfaces of insulating samples with a thin Au layer isenergy limit fluctl_Jano_ns of the film thl_ck_ness. .

a standard procedure in SIMS which reduces surface char%—]e Any change in thickness of the nitride layer will cause

- - ; hange in surface charging and, consequently, the change
ing by greatly improving the leakage path for charge from™ € © ) ) . .
thg inystgntan)éouspcrate? surface togthelzo sample thger. of secondary ion signathe thinner the layer, the less posi-

Another important feature during the transient stages of Ve charging on the surface, and the higher the signal of

nitride formation is the change in thickness of the surfacesecondary ions Therefore, we have used the second-order

nitride layer® We argue that this change in thickness imtiatesdifferen.tial.equgtion qf an electrical oscilla’tﬁ!to Qescribe
the oscillatory response. As mentioned earlier, the range Otpe oscnlatlons.ln N signal caused by the oscillations of the
nitrogen ions in SN, is only ~65% of the range in Siand surface charge:

even less for the overstoichiometric layefsr the ion ener- . .

gies used in our experiments. Consequently, upon formation G+ 2L woq+ w5q=Fo. 1)

of a nitride layer continuous to the surface, the range of N

ions is drastically reduced below the thickness of the nitrideHere, { is the damping factor; = (R/2)\/C/L, wy is the nat-
layer, contributing to the accumulation of nitrogen within the ural frequency of the circuitw,=1/{/LC, andq represents
nitride film (due to the low diffusivity of N in nitridesand  the charge on the capacitdty is the constant initial impulse

possibly the formation of hbubbies. Further ion bombard- (analogous to the constant primary beam cujrent
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2 The absence of any oscillatory responses at(@8fich

| @ 6= 35" is above the critical anglel,,, for the formation of an over-
stoichiometric nitride lay@rindicates the low quality factor,
Q~ 1/t~ LIR?C, of the oscillatory circuit. The oscillations
start to appear af.; and we can fit them by the EQ3), as
£=297 shown in Figs. &) and 4c) for bombardment at 28° and
20°, respectively. Indeed, E(B) describes our experimental
data rather well. The change of the intensity and damping of
®) 9=26° oscillations belowd,, [Figs. 2, 4b), and 4c)] may be ratio-
nalized in the following way. For these low angles, the thick-
ness of the nitride layer does not change significantly with
the angle, while the stoichiometry remains almost the same.
Therefore, all changes observed in the oscillation behavior
for these low angles simply reflect some variations of the
600 “inductive” character of nitride layers. We argue that the
lower sputtering rates and initially thicker nitride films at
angles closer to the norniaffectively extend the equilibra-
tion time, giving more “inductance’(or, equivalently, the
higherQ) to nitride layers.

g =0.102 5" In conclusion, we have studied the initial stages of ion-
o010 beam-induced formation of silicon—nitride and observed
200 400 600 some damped oscillations in the secondary ion signal from
thin surface nitride layers. We have shown that these oscil-
lations can be modeled by the second-order differential equa-

FIG. 4. Buildup profiles of nitrogerfopen circleg obtained at different  tjon of a dissipative electrical circuit under constant excita-
angles of incidence during 10 keV;Noombardment of Si. Solid lines are tion
fits of experimental curves t@) Eq. (2) and(b), (c) Eq. (3). ’
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