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An unexpected pronounced enhancement is observed in sputtering yields per atom for N1
2 compared

to N1 from a polycrystalline gold target. This effect is seen when the kinetic energy per projecti
atom is below 500 eV and increases as projectile energy decreases to near-threshold ener
Enhancements for O12 over O1 begin at even lower kinetic energies below 100 eV per atom. This
new molecular interaction effect may be explained qualitatively by invoking a simple energy transf
model which involves the vibrational frequency of the molecule and the collisional interaction tim
[S0031-9007(98)06668-X]
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We report on the first observations of a pronounce
enhancement in sputtering yields for molecular ion
as compared to atomic ions at low projectile energie
near sputtering thresholds (30–500 eV) [1]. At hig
energies (* 50 keV) sputtering yield enhancement with
molecules has been observed and attributed to nonlin
effects in the collision cascade [2–4,5]. In the medium
energy (linear cascade) regime (approximately 1–50 ke
it is known that the sputtering yield per atom of a
molecular ion equals that of an atomic ion at the sam
impact velocity. In contrast, few data are available o
sputtering yields at energies below 1 keV (the low-energ
regime). Furthermore, the literature that is availab
deals almost exclusively with atomic projectiles [6–13
This work represents the first measurements of low
energy sputtering yields by molecules near threshold, a
shows an unexpected enhancement in sputtering yields
molecules as compared to atoms. This new effect can
attributed to the fact that the kinetic energy of a molecul
projectile is most efficiently transferred when the time o
collision is comparable to or larger than the vibrationa
period which is dependent on the detailed nature
the molecular potential. These experiments provide ne
and significant insight into fundamental projectile-surfac
interactions relevant to growth and etching.

The experiments were conducted in an ultrahigh va
uum chamber with a base pressure of3 3 1029 Torr.
Low-energy atomic and molecular ions were delivered b
a unique accelerator that produces high fluxes of ions w
energies tunable between 1 eV and 2 keV. A schema
of the experiment is shown in the inset of Fig. 1. Ion
were produced by a discharge source and focused by
Einzel lens. Mass separation was carried out by use o
Wien filter and neutral particles are eliminated by turnin
0031-9007y98y81(3)y550(4)$15.00
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the beam by 1.3± and passing it through a small aper-
ture (4.8 mm diameter). The beam was then steered ba
onto the beam axis and refocused by a second Einzel len
The beam was well defined spatially (FWHM 0.5 mm a
1 keV) and in energy (FWHM 1 eV at 1 keV). The beam
was scanned in a raster pattern over a mask with a 2 m
diameter aperture in order to have a homogeneous cu
rent density on the target. The current density was dete
mined via an 80% transmission nickel mesh. The kineti
energy of the primary ions ranged from 10 eV to 2 keV
with a current density$100 nAycm2. Sputtering yields
were acquired by monitoring the mass change of a gold
coated quartz-crystal microbalance (QCM). By using a

FIG. 1. Plot of the sputtering yields of Ar1 on gold as a
function of projectile kinetic energy from our experiment (≤)
and those from Wehner [13] (n), Bateset al. [14] (¶), Laegreid
and Wehner [15] (,), Robinson and Southern [16] (3), and
Colligon and Bramham [17] (±). The inset shows a schematic
of the experimental configuration.
© 1998 The American Physical Society
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aperture to mask the ion beam so that it only imping
on a 1 mm radius spot at the center of the QCM we we
able to enhance the sensitivity of our QCM by a factor
6 over the conventional method of illuminating the enti
crystal, giving a mass sensitivity of about 2 ngycm2 [11].
Figure 1 shows the sputtering yields of Ar1 on gold as a
function of projectile kinetic energy from our experimen
and those from Wehner [13], Bateset al. [14], Laegreid
and Wehner [15], Robinson and Southern [16], and C
ligon and Bramham [17]. The uncertainties in our me
surements are about 15%.

The greatly enhanced sensitivity of the apparat
coupled with our low-energy, high-flux ion source a
lowed us to perform first-ever molecular-surface collisio
studies near sputtering thresholds. Figure 2(a) dep
the measured sputtering yields per atom of N1

2 (open
circles) and N1 (closed circles) on a polycrystalline
gold film as a function of projectile kinetic energy pe
atom at normal incidence. We normalized both th
incident energy and the sputtering yield to the number
atoms in the projectile to study the difference between
single N1

2 molecule and two unbound N1 atoms. The
sputtering yields per atom of N12 and N1 are essentially
the same for energies above about 500 eV, as gener

FIG. 2. Plot of the sputtering yield per atom of gold bom
barded by (a) N12 (±) and N1 ions (≤), and (b) O1

2 (±) and
O1 ions (≤) versus the projectile kinetic energy per atom. Th
insets show the same data plotted as a function of collisio
energy transfer per atom, assuming the molecules are at
unified atom limit.
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expected. However, as the projectile kinetic energy de
creases, the sputtering yields from N1

2 diverge noticeably
from the corresponding N1 yields. This unexpected
enhancement is noticeable at about 300 eV and becom
more pronounced as the energy decreases further. T
enhancement factor is approximately 4 at 50 eV.

To elucidate the nature of this new molecular effect
we performed similar studies with O12 which has a differ-
ent binding energy and stiffness (vibrational energy). Fig
ure 2(b) shows the sputtering yields per atom of O1

2 (open
circles) and O1 (closed circles) which also shows the ef-
fect. Within experimental precision, the enhancement o
the sputtering yield is observed at a projectile kinetic en
ergy below 100 eV per incoming atom. The enhanceme
factor is about 1.7 at 50 eV. An important feature of this
experiment is that the onset of this new effect is observe
at even lower energy than for nitrogen.

We may understand this effect qualitatively by invok-
ing a simple model which takes into account (a) the
amount of collisional energy transferred to a target atom
by a diatomic molecule whose “effective mass” is depen
dent on vibrational frequency and collision time; (b) tha
the onset of this effect occurs when the half vibrationa
period equals approximately the collision time; and (c) th
assumption that the low-energy ions are neutralized prio
to their impact on the surface. In our analysis, we
note that sputtering yield depends on the amount of e
ergy transferred from an atom,DEatom, or a molecule,
DEmolecule, to a surface target atom. It is useful to trea
two extreme cases. Let us consider two atoms of a d
atomic molecule. In the limit of very large bond stiffness
(high vibrational frequency), the molecular projectile may
be considered as a single particle with a mass equal
the sum of the two atoms in the molecule. In the othe
limit, of a weak bond, the two atoms are not bonded. Th
maximum transferable energy per atom to a target ato
through an elastic zero impact parameter collision is ea
ily shown to be much larger in the first case than in th
second. For elastic collisions between an atom (molecul
with massm (2m) and kinetic energyE0 (2E0) and a tar-
get at rest with massM, the kinetic energy transferred to
the target,DE, scales asDEatom  4mME0ysm 1 Md2

[DEmolecule  4s2mdM2E0ys2m 1 Md2]. The ratio of
the energy transferred per atom for the two cases is

DEmolecule

2DEatom


2sm 1 Md2

s2m 1 Md2
. (1)

Thus two14N (16O) atoms with kinetic energyE0 collid-
ing with 197Au atoms at rest will each transfer 0.248E0

(0.278E0), while an infinitely rigid N2 (O2) molecule, be-
having as a single particle of mass 28 (32) with kinetic
energy 2E0 would transfer 0.436E0 (0.481E0) per inci-
dent nitrogen (oxygen) atom. Thus the maximum energ
transferred to a surface target atom is 1.76 (1.73) time
greater for N2 (O2) molecules than for the atomic species
551



VOLUME 81, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 20 JULY 1998

or

-

t-
s
-

L
.

d

-
-
g
n
ds
i-

n
a
re

s

y
y

r,
.
l
o
s

d

l

n

Normalized per atom in the projectile, the maximum
energy that can be transferred to a surface atom w
always lie between these two extreme cases. In
molecule-atom collision, a diatomic moleculeAB with
massmA 1 mB may be considered as a single particl
with some effective massmp, where mA, mB , mp ,

mA 1 mB. The precise value of the effective mass wil
depend, of course, upon the details of the collision, an
particularly upon the projectile’s kinetic energy. We
make the assumption thatmp will lie closer to the single-
atom limit for fast collisions when the characteristic
time of the collision interaction is much shorter than
half-period of the molecular vibration and thatmp will
lie closer to the rigid particle limit (mA 1 mB) when
the interaction time is much longer than a half-perio
of vibration. A similar argument comparing vibrationa
and collision times was used by Landau and Telle
to explain energy transfer during gas phase molecu
collisions [18].

The vibrational frequencies of O2 and N2 are 1554.7 and
2330.7 cm21, respectively [19]. The corresponding vibra
tional half-periods are1.1 3 10214 s for O2 and 7.2 3

10215 s for N2. To estimate the characteristic collision
time we neglect the detailed interaction between the pa
ticles and simply assume a constant repulsive interacti
force that turns on at some characteristic distance fro
the target. For simplicity, we consider a projectile with
a small impact parameter, which decelerates to zero velo
ity in a distance of about 1 Å and rebounds. In this cas
the collision time is about 4 Åyy, wherey is the initial
velocity of the projectile. Comparing the collision time
to the vibrational half-period, we expect that the nonlin
ear enhancement should commence at kinetic energies
about 224 eV per atom for N2 and 110 eV per atom for
O2. Figures 2(a) and 2(b) show enhancements starting
energies slightly above 300 eV per atom for nitrogen an
somewhere between 50 and 100 eV per atom for oxyge
in reasonable agreement with the predictions of our simp
model. At low impact energies, collision times will bring
the interaction closer to the unified atom limit as reveale
in the data.

The underlying assumption important for this mode
is that the sputtering yield is determined by the energ
transferred to the surface atom. We test this model b
comparing directly the sputtering yields of the atomic an
molecular ions as a function of collisional energy transfe
as shown in the insets of Fig. 2. The energy transfer w
computed for a zero impact parameter and assumes
molecules are at the unified atom limit. This has the effe
of rescaling the projectile energy axis by a factor of 1.7
for N1

2 and 1.73 for O1
2 . We expect that this will yield

a good agreement between the molecular and atomic d
when the collision time is well below the vibrational half-
period of the molecule (i.e., where the unified atom lim
is valid). Indeed, the data show excellent agreement f
projectile energies starting at the branching point whe
552
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the atomic and molecular data separate (below 500 eV f
N1

2 and below 100 eV for O12 ).
To explore in more detail the novel features in our

data, we have performed preliminary molecular dynam
ics (MD) calculations using a modified MD code which
has been extensively tested and previously used for spu
tering studies at higher bombarding energies [20,21]. A
a first step we compared diatomic and atomic bombard
ment (N or O) on a Au(111) surface, employing simple
Morse potentials for the Au-Au and the N-N (or O-O)
interactions. These potentials were splined to the ZB
(Ziegler-Biersack-Littmark) potential at higher energies
A purely repulsive ZBL potential was used for the pro-
jectile atom–Au interaction. These preliminary calcu-
lations were in qualitative agreement with the observe
experimental trends. In particular, at very low bombarding
energies close to the sputtering threshold diatomic bom
bardment is found to always result in a higher sputter
ing yield than atomic bombardment. Further studies usin
more realistic potentials are under way to investigate i
more detail the observed enhancement of sputtering yiel
at low projectile kinetic energies and to explore the poss
bility of a quantitatively predictive model.

In summary, we have presented the first observatio
of enhanced sputtering yields of molecular ions on
metal target at near-threshold energies. These effects a
explained qualitatively by a simple model that compare
the time scales of the molecular vibration and the collision
interaction. Future work will involve strong synergy
between MD simulations and experimental efforts. Sili-
con atoms provide the true unified atom limit for mass
28, so we are studying it for comparison to N2 at low
energies. Studies of NO and CO will be carried out to
further characterize the roles of the vibrational frequenc
and the dissociation energy, particularly in CO where the
vary in different directions compared to N2. Large cluster
or molecule (e.g., C60) induced sputtering studies will also
be carried out to study enhanced local energy transfe
which may be important to epitaxial growth mechanisms
Finally the dependence of sputtering yield on vibrationa
energy will be studied by using a free-electron laser t
vibrationally excite both surface and projectile molecule
during the sputtering process.
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