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We have studied the static-mode ion-beam sputtering of Si* from a Si (100) surface during oxi-
dation and nitridation. The data are consistent with the ionization of sputtered atoms resulting
from the breaking of the local chemical bond during sputtering. A model is proposed to explain the
dependences of the ionization probability of the ionization potential, emission energy, and isotopic

mass.

PACS numbers: 79.20.Nc, 34.50.Fa, 61.80.Jh

During the impact of energetic noble-gas ions on
solid surfaces, atoms are sputtered off by the transfer
of momentum. It has been observed that charge ex-
change between these atoms and the surface can
simultaneously occur. The fraction of them emitted as
positive ions from clean metallic surfaces is usually
small ( < 10~3) This fraction can be enhanced by sev-
eral orders of magnitude if the metal surface under-
goes chemical reaction with electronegative species
such as oxygen or nitrogen, either by adsorption or by
reactive-ion bombardment.! In fact, oxygen ion
beams are routinely being used for sputtering in
secondary-mass spectrometry to enhance detection
sensitivities. The positive-ionization probability P* of
the different atoms sputtered from an oxidized mul-
tieclement metallic target frequently follows a
Boltzmann-type dependence on the ionization poten-
tial>* F

P*=(Z,/Zy)expl— (I -®)/kgT,]. (1)

Here kg is the Boltzmann constant. 7, has the dimen-
sion of temperature and ranges from 5000 to 10000 K.
Z, and Z; can be either partition functions or multi-
plicities of the lowest-lying group of states of the posi-
tive ion and the neutral atom, respectively.> ® is a fit-
ting parameter. The physical basis of Eq. (1) is still
unclear. A local thermal equilibrium plasma of tem-
perature 7, has been proposed to exist at the sputter-
ing site.2 But so far the existence of a plasma has not
been experimentally verified.* P* also shows little
correlation with the work-function change introduced
by the oxygenation.® Hence the use of the electron-
tunneling model®’ developed for a free-electron-like
metal surface is not appropriate. However, within the
framework of the model, one hopping-matrix element
between the atomic state of the sputtered atom and a
particular localized substrate electronic state can dom-
inate the electron transfer as in the case of the strong
local chemical bonding. This physical picture is fre-
quently called bond breaking,?? reflecting the fact that
the chemical bond between the sputtered atom and the

substrate atoms is broken. In this paper we present
experimental evidence and theoretical arguments for a
local bond-breaking model for the ionization process.

If the interaction is indeed very local, the second-
ary-ion yield I} of element M would be the sum of
the contributions from different bonding configura-
tions (i) involving M:

I = 3, 5P Yo, @

where f;, P;*, and Y, are the concentration, ionization
probability, and partial sputtering coefficient of the M
atoms bonded in the ith configuration. i, is the pri-
mary ion beam current. In the first approximation, all
the P’s and Y’s are constants specific to the chemical
configuration and are independent of the concentra-
tion. The averaged sputtering yield ¥ per unit i, usual-
ly determined by erosion measurements is simply
3./ ¥;. Since the f;’s change with the chemical compo-
sition of the surface, both I;f and Y have in general
nonlinear dependences on the concentration of the
electronegative species, and these relations are hard to
predict. Hence the validity of Eq. (2) is not obvious.
We measured the Sit and Ge* yields from Si and
Ge surfaces partially reacted with oxygen and nitrogen.
The apparatus is similar to that reported in our previ-
ous work.® Briefly, the sputtering experiment was per-
formed in an ultrahigh vacuum with a base pressure of
about 1x 10719 Torr. In situ x-ray photoemission spec-
troscopy was used to monitor the reactant coverage
and the chemical states (i.e., f;) of the surface. The
surface reactions were thermally induced and sputter-
ing was kept in the low-damage static mode with 1 nA,
500 eV of Ar* primary beam to minimize radiation
damage and ion-beam-induced chemistry. The sput-
tered secondary ions were detected with a quadrupole
mass spectrometer in series with an 0.5-eV-resolution
energy filter. The simplest system we have studied is
the enhancement, by over 2 orders of magnitude, of
the sputtered Si* yield by nitridation of the Si (100)
surface at 1000 °C. X-ray photoemission spectroscopy
showed that only Si3N4 was formed. Hence Eq. (2)

1476 © 1986 The American Physical Society



VOLUME 57, NUMBER 12

PHYSICAL REVIEW LETTERS

22 SEPTEMBER 1986

simplifies to
Ist = (foPg" Yo+ AiP1* Y1), (3)

where the subscripts 0 and 1 represent unreacted Si
and Si3;N,, respectively. Since the Si* yield from a ful-
ly nitrided surface (f;=0, f;=1) is over a hundred
times that from a clean Si surface (fy=1, f;=0),
Pgt Yy << Pit'Y,. Hence Igf should be linear with f;,
which is proportional to the nitrogen coverage. In-
deed, the nitrogen-enhanced Si* yield was found to be
proportional to the nitrogen coverage up to a mono-
layer (Fig. 1). Our data for the sputtering of Si* and
Ge* from oxygenated Si(100) and Ge (111) surfaces,
respectively,!? are also consistent with Eq. (2).

We shall attempt to formulate a quantitative descrip-
tion of the local bond-breaking mechanism for ioniza-
tion. Let us consider the sputtering of neutral atom
MP° and positive ion M* from the surface X. Charge
exchange can happen at the crossing of the diabatic co-
valent potential curve M°+ X and the diabatic ionic
potential curve M+ + X~ (Refs. 8 and 9) at distance
R, from the surface. The probability P* that M is
ionized is given by the Landau-Zener formula!! ex-
pressed in atomic units:

P+=exp(—27rH122/v|a|)R=Rc, (4)
where Hjp, is the transition matrix element, v is the

velocity, and |a/| is the difference in the first deriva-
tives of the potential curves. All quantities are evalu-
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FIG. 1. The Si* secondary-ion yield as a function of ni-
trogen coverage at emission energies 8 and 17 eV. The
maximum coverage was about 7 x 10'4/cm?.

ated at R.. The sputtering of M* from the surface
creates a cation vacancy that traps the electron left
behind. We shall postulate that this electron remains
localized in the vacancy within the sputtering time
(~10"1B5).

Since the covalent force is very short ranged, we
make the generally accepted assumption!? that in the
region of crossing the covalent curve (1) is indepen-
dent of R, the distance of the sputtered atom from the
surface, while the ionic curve (2) is given by the
Coulombic attraction between M* and the electron
left at the cation vacancy. At infinity the ionic curve
lies above the covalent curve by I — 4, where A is the
electron affinity of the cation vacancy in the absence
of M*. Hence R,=(I—A)~! and |al=R,? in
atomic units. For a sputtered ion of mass m and emis-
sion energy E, the velocity at R, is given by

v(R)=[2(E+1—4)/m]V2, (5)
Following Smirov,'* H,, is given by
Hiy=3RY (7RI Y, (FR,), (6)

where ¥, and ¥, are the normalized wave functions
associated with the diabatic covalent and ionic poten-
tial curves. For ¥, the electron is with M and since
the outermost electrons for most metals are s elec-
trons, we use the s wave function:

¥, (r)=2a%2e"or, )

where a?=2/. Notice that both the shape and the am-
plitude of ¥, depend on I For ¥,, the electron is at
the cation vacancy site. At present very little is known
about the transient state of the vacancy during the
sputtering event. Hence we assume that ¥, has the
same spatial dependence at R, as the wave function for
a negative ion in the field of M* which is at a distance
R away!?:

\I’z(r)=

exp

R 1/7C(27)1/2
R—r r

-
Ry

(8)
where y2=2A4. a and y explicitly relate the wave
functions to /and 4. We introduced C as a parameter
for the amplitude to correct for the fact that ¥, is for a
solid-state cation vacancy. We also assume the elec-
tron affinity of oxygen (1.463 eV) for 4 in oxide sys-
tems. The total wave functions for curves (1) and (2)
may have degeneracies gy and g4, respectively. Sim-
ple statistical argument!* shows that the right-hand
side of Eq. (4) should be multiplied by a factor
G = g./8o, hence explaining the origin of Z,/Z; in
Eq. (1). In practice sputtered atoms and ions may
have their low-lying excited states partially populated
and a high-temperature partition-function ratio may be
more appropriate.>
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FIG. 2. Calculated P*/G as a function of ionization po-
tential for C=0.25 and 4 =1.463 eV. The best-fit line for
the eleven fourth-period elements (filled circles) has 7,
=6116 K. Open circles are elements not in the fourth
period.

We calculated P*/G for the twelve metallic ele-
ments (filled circles in Fig. 2) with 4s outermost elec-
trons in the fourth period of the periodic table and
with E; equal to 10 eV. These elements have been
studied most in relation to Eq. (1).2* We found that
the result follows the Boltzmann-type dependence on /
[Eq. (1)] very well. We simulate the usual experimen-
tal situation that these elements are dilute components
in a common metal matrix and the sample surface is
uniformly oxidized. We shall assume the same values
of C and A4 for the sputtering of all these elements.
Again as a first approximation, A4 is taken to be the
same as the electron affinity of oxygen (1.463 eV). C
is adjusted to give the correct value for 7,. For
C=0.25 and E, =10 eV, the best-fit straight line (Fig.
2) gives 6116 K for T,, in good agreement with obser-
vations.2™* P* of potassium is close to unity as ex-
pected from its low ionization potential. As [ in-
creases, the crossing point is closer to the origin. In
general HY increases, causing P* to decrease. Since
both ¥, and R, are functions of /, P* has a complicat-
ed dependence on the ionization probability. The ap-
parent Boltzmann-type dependence of P* on [/ is only
an approximate result for this small range of /, and has
no thermal origin.

Our theory also predicts deviations from Eq. (1).
We calculated P*/G values for elements of other peri-
ods (Mg,Nb,Mo) and elements with non-slike outer-
most electrons (B,Al,Si) assuming the same value for
C. The results are shown by the open circles in Fig. 2.
The lighter elements B, Si, Mg, with the exception of
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FIG. 3. Comparison between the experimental (Ref. 17)
and theoretical values of P* for sputtered Be as a function
of emission kinetic energy.

Al, have larger while the heavier elements Nb and Mo
have smaller P*/G values than the corresponding
values for the fourth-period elements. These results
are qualitatively consistent with the experimental data
of Morgan and Werner!® (B,AI,Nb,Mo) and Werner*
(Mg) with the exception of Si.

The theory also predicts, through the factor v(R,)
in Eq. (4), dependences of P* on E; and the isotopic
mass m. P* approximates a power-law dependence on
E, from about 1 to 200 eV. The exponent depends on
m and increases with C. This E; dependence has been
observed in the sputtering of Ni* and Be*t from oxi-
dized Ni !¢ and Be surfaces.!” By choice of 0.276 for C
of Be, our theory agrees reasonably well with the ex-
perimental Bet data (Fig. 3). At very low E,, P*
converges to a constant value corresponding to v(R,)
=[2(I—A4)/m]Y2. At very high E,, P* approaches
an exponential relation: Pt = Gexp(—vy/v), where
v=(2E,/m)Y2. The emission energy also affects the
dependence of P* on I For example, 7, in Fig. 2
rises to 10800 K for ions with 50-eV emission energy,
which is also in good qualitative agreement with obser-
vations.!?

For a fixed E, Egs. (4) and (5) predict a linear de-
crease of P* of an element with increase in the isoto-
pic mass m. Lorin, Havette, and Slodzian!® measured
for Zr* sputtered from ZrSiO, the deviation factor
D=R;/RJ—1 with ®Zr as the reference. R;' is the
ratio of the secondary-ion intensities of the isotopes m;
and m;, respectively, and R,? is the abundance ratio.
The experimental value of —1.7%/u allows us to deter-
mine the values of C for this compound. If we assume
A to be the same as that of oxygen (1.463 eV), Cis
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FIG. 4. Deviation from the isotope abundance ratio
#4Ca/%0Ca as a function of (E;) Y2 for the sputtering of Ca*
from calcium fluoride. The experimental values are taken
from Ref. 18. The theoretical values are calculated for
C=11and A=29eV.

about 0.23, again very similar to the values for Be and
metals in the fourth period. Lorin, Havette, and Slod-
zian'® also reported the dependence of D or Ej for
#4Ca* and ¥Ca* sputtered from CaF,. Figure 4 shows
that with C=1.1 and 4 =2.9 eV (electron affinity of
F,) for this compound, our calculated dependence of
D on E; fits the experimental data quite well.

The bond-breaking model in conjunction with the
Landau-Zener formula gives a simple explanation of
the dependences of the ionization probability on the
ionization potential, emission energy, and isotopic
mass.!® The theory depends on the wave functions at
the crossing point. The details of the chemical bond at
the equilibrium position are reflected indirectly by the
properties (C and A4) of the cation vacancy created
during the sputtering event. A complete quantitative
theory of P* requires ab initio calculations of C and 4
for the cation vacancies, which are not available so far.
C and 4 do not seem to vary much for the same class
of compounds—for example, C =0.25 and 4 =1.46
eV for oxides—but they reflect changes in the chemi-
cal environment. For example, very different values
of Cand 4 are found for fluorides versus oxides.
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