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Anisotropy effects in physical sputtering investigated by laser-induced fluorescence spectroscop

A. Goehlich, N. Niemo¨ller, and H. F. Do¨bele
Institut für Laser- und Plasmaphysik, Universita¨t Essen, Universita¨tsstraße 2-5, D-45117 Essen, Germany

~Received 24 April 2000!

We report in this article on experimental investigations of angle and energy dependencies of energy spectra
of sputtered metal atoms and on deviations from linear cascade theory~Sigmund-Thompson model!. Tungsten
and titanium targets are bombarded by noble gas ions in the energy range between 0.2–5 keV. Energy
distributions have been determined by laser-induced fluorescence spectroscopy with scanning of narrow band-
width dye laser radiation over the Doppler broadened absorption. The geometry adopted makes it possible to
vary both the angle of observation of the sputtered particles and the angle of incidence of the projectiles
independently of each other. The observed differences to the theory mentioned are compared both with
analytical models and withTRIM.SP–Monte Carlo simulations. The influence of direct recoil atoms on the
energy spectrum is discussed in particular.
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I. INTRODUCTION

Physical sputtering is finding widespread application
important technical and scientific processes: It is the basi
particle sources in thin film deposition and is applied
surface modification1 and analysis@SIMS and SNMS~Ref.
2!#. The properties of modified surfaces and the genera
layers are sensitively dependent on the energy and ang
distribution of the impinging particles.

Another example where sputtering is important is plasm
wall interaction in fusion research: the bombardment of
confining inner wall of a reactor~divertor plates or limiter!
by energetic particles leads to a release of atoms and
ecules which can penetrate the plasma. These will, after
ization, radiate bremsstrahlung and line radiation wh
leads to cooling of the plasma.3 Various approaches hav
been considered to minimize these losses. One consists i
use of low-Z wall materials, since in this case the number
possible ionization stages is small and the radiation los
are reduced accordingly. There are, however, also conc
based on the use of high-Z materials like tungsten, becaus
of its high sputtering threshold and the favorable redep
tion and thermal properties.4,5 The penetration depth in th
plasma of the released impurities is determined by their
locities. It is, therefore, important to have a thorough und
standing of the velocity distribution of the impurities and
dependence on the projectile energy and incident angle
to be able to describe by simulations the ongoing proce
as reliably as possible.

The dominant fraction of sputtered particles is released
neutrals.6 Laser-based methods are therefore particula
well suited to their detection. There exists, however, onl
very limited number of contributions where angular depe
dencies of velocity distributions of sputtered particles w
investigated. Berres und Bay7 used a cw-dye laser to stud
sputtered circonium atoms under two different geometrie
the forward and backward scattering directions. The geo
etry adopted did not allow them, however, to vary syste
atically the angle of observation independently of the cho
angle of incidence. Another important contribution to th
topic is the EARN experiment~energy and angle resolve
PRB 620163-1829/2000/62~14!/9349~10!/$15.00
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neutral analysis! by Winograd and co-workers.8 Laser post-
ionization is combined with a time-of-flight measureme
and detection by a particle detector with spatial resolution
yield the angular resolution. The angle of emission is fou
on the basis of a nonlinear transformation from the posit
where the particle is detected at the multichannel plate
tector. We describe in this paper an experiment based
pulsed laser induced fluorescence diagnostics at a spec
designed vacuum chamber which allows the selection
combinations of angles of incidence and observation. La
induced fluorescence has the disadvantage—as compar
laser post ionization—to be less sensitive so that ion sou
with higher fluxes are required to generate high enough p
ticle densities and the domain of application is therefore
stricted. It has, however, the advantage that the meas
Doppler broadened spectra are directly linked to the velo
distribution of the released particles.

II. THE ISOTROPIC THEORY

Thompson9,10 and Sigmund11–13 have published severa
basic papers on physical sputtering. Thompson arrived a
expression for the energy distribution of sputtered partic
on the basis of fundamental physical assumptions. The m
assumption is the generation of extended isotropic recoil c
cades of low-energy recoil atoms by an isotropic source
energetic primary recoil particles. A binary interaction d
scribed by a power-law dependence is a reasonable ass
tion for not too small collision energies. This power law
approximated from the Thomas-Fermi potential and is of
form V(R)}R21/m. This potential leads, according t
Lindhard, to a collision cross section which readsds
5CmE2mT212m, whereE is the energy of the colliding ion
T is the transferred energy, andCm is a constant. The expo
nent m depends in principle on the bombarding energy a
assumes values between zero and one (0,m,1).14 The
analytical form of this cross section has simple scaling pr
erties and allows analytical solutions in transport theory11

For low collision energies around several eV strong scre
ing of the Coulomb potential occurs, and values ofm close to
zero have to be adopted.
9349 ©2000 The American Physical Society



cl

r

th
.
re

ts

xi
c

-

d

in
tio
d

h

m
o

st
t

-
o
ith
e

a
g
he
il

g
d
t

ort
um
.
., in
en
ar
is-

ent

f

ing

at

by

ted
e

f
the
the
if-

he
the

is-
ion
gies
en-
The
to
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The resulting energy distribution of the sputtered parti
flux in the isotropic limitG iso is determined by the heightEb
of the ~planar! surface potential and the maximum transfe
able energyTm :10

G iso~E,u!dE dV}
E

~E1Eb!322m

3F12S E1Eb

Tm
D 12mGcosu dE dV

with

Tm5gE05
4M1M2

~M11M2!2 E0 . ~1a!

u denotes the polar angle of emission with respect to
outer surface normal, andE0 is the energy of the projectile
M1 ,M2 are the mass of the projectile and target atom,
spectively. The energy distribution as given above exhibi
falloff towards higher energy asE2212m ~for Eb!E!Tm),
and exhibits—as physically required—a cutoff at the ma
mum transferable energyTm . The assumption of an isotropi
momentum distribution underlying Eq.~1a! is not justified
for emission energies nearTm , however. If emission ener
gies small compared to the maximum transferable energyTm
and hard collisions (m'0) are considered, the so-calle
Thompson energy spectrum is obtained from Eq.~1a!:

G iso~E,u!dE dV}
E

~E1Eb!3 cosu dE dV. ~1b!

This result was also obtained by Sigmund as the lead
order of an asymptotic expansion in a transport equa
treatment.12,13The energy distribution of physically sputtere
particles according Eq.~1b! peaks atEb/2 and exhibits a
characteristic falloff towards high energies asE22. If the
penetration depth of the impinging ion~typically some nm
for average mass ions! is much larger than the typical dept
of origin of the sputtered particles~typically of the order of a
monolayer!, the motion of the projectile is decoupled fro
the motion of the recoil atoms which lead to the emission
atoms through collisions near the surface. The energy di
bution is then independent of the mass, the energy and
direction of the projectiles~limiting case of complete isot
ropy!. The energy distribution is in particular independent
the direction of emission for atoms which are ejected w
small energies, because the condition of an isotropic mom
tum distribution is more easily fulfilled for these atoms.

III. ANISOTROPY CORRECTIONS

Momentum conservation causes a conflict between the
sumption of an isotropic velocity distribution of recoilin
atoms in the solid and the highly directional motion of t
bombarding projectile.15 Anisotropy corrections of the reco
flux densityG were calculated in the limiting caseE!E0 as
a series of powers ofE/E0 from the asymptotic solution of a
set of transport equations.16,17 It was shown that the leadin
anisotropic correction can be decomposed in two terms
pending on the deposited momentum and the gradient of
deposited energy distribution.
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If inelastic energy losses are neglected, the transp
equation treatment yields for an infinite scattering medi
an expression for the flux distribution of recoiling atoms16

The treatment of a bounded medium is discussed, e.g
Ref. 18!. Backward sputtering corresponds to the flux tak
at the surface. Allowing for surface refraction at a plan
surface potential the following expression for the energy d
tribution of the backsputtered particle flux is obtained:

G~E,u,x!}G iso~E,u!S 11axAE cosu21Eb

1ayAE sinu cosx

1bAE cosu21Eb

AE1Eb

NS~E1Eb!
D

with

ax5
23Fp,x

0 ~E0 ,e,0!

A2M2FD~E0 ,e,0!
, ay5

3Fp,y
0 ~E0 ,e,0!

A2M2FD~E0 ,e,0!
,

~2!

b5Km

]

]x
FD~E0 ,e,x!x50

FD~E0 ,e,0!
.

It is assumed here that the positivex axis ~depth coordinate!
is parallel to the inner target normal and that the incid
beam is located within thexy plane (x50 describes the
position of the source!. x denotes the azimuthal angle o
emission.e describes the direction of the incoming ion.S(E)
denotes the nuclear stopping power11 and N is the target
atom density. In the formulation given above the scatter
powerm enters explicitely only through the constantKm ~for
exact definition ofKm , see original literature16!.

FD(E0 ,e,x) is the distribution of energy deposited
the surface. The statistical distributionFP

0 (E0 ,e,x) is linked
to the deposited momentum density.19,20This function has an
azimuthal symmetry with respect to the beam directione.
The statistical distributions can be obtained explicetely
solution of separate transport equations16,19,20 or by Monte
Carlo simulation.21,22

The quantityax in Eq. ~2! is usually positive, since thex
component of the deposited momentum density is direc
outward at the surface.20 ay equals zero for normal incidenc
for reasons of symmetry.

The last term in Eq.~2! is proportional to the gradient o
the deposited energy and is symmetric with respect to
surface normal. It describes a particle flux proportional to
gradient of the deposited energy profile in analogy to a d
fusion current.

The contribution to the anisotropy correction due to t
gradient term is dominant for large ratios of energies of
projectile to the recoil atom energy@e.g.,E0 /E@0.01 ~Ref.
16!# and leads in comparison to the isotropic spectrum@Eq.
~1b!# to a broadening and a peak shift towards higher em
sion energies for normal emission; the energy distribut
narrows and the peak shifts back towards smaller ener
for oblique emission angles. However, only weak depend
cies on the emission angle are introduced in this case.
contribution of the momentum term scales according
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AM1E/M2E0 and is expected to become more importa
with falling impact energiesE0 . The momentum term cause
similar changes to the spectrum as the gradient term for
mal incidence. In case of oblique incidence an additio
broadening of the energy distribution and a shift of the ma
mum of the energy distribution towards higher energies
curs (ay.0), if the emission is observed in forward dire
tion. Since the solution of the transport equation is based
the leading orders of a high energy expansion, its applica
ity is limited to the high energy bombardment case~some
keV, say!, however.

Computer simulations like the well known Monte Car
codeTRIM.SP ~Ref. 23! are well suited, alternatively to ana
lytic approaches and numerical solutions of the Boltzma
equation,24 to calculate angular dependencies of the yi
and energy distributions. Binary collisions are modeled b
screened Coulomb potential, e.g., the krypton-carbon~KrC!
or the universal potential.23 The limitations of theTRIM.SP

code towards small bombarding energies are mostly du
the importance of multiple interactions. Provision is made
TRIM.SP for an approximate treatment of weak simultano
collisions, by searching further target atoms in additio
collision cylinders. This treatment can be regarded as an
proximation to multiple collisions.23 Further assumptions
concerning the applicability are the amorphous structure
the solid, corresponding for a polycrystalline target to
average over many crystallites and a surface which is ato
cally rough.23

IV. THE INFLUENCE OF DIRECT RECOILS

For the case of oblique incidence there is a contribution
direct recoil atoms to the anisotropy of the ener
distribution.25,26 We will limit here the discussion to elasti
collisions and consider the emission in the polar plane,
the plane that contains both the target normal and the di
tion of incidence. The emission angle in the polar plane
denoted in the following byF and is measured with respe
to the ~outer! target normal (F.0 for emission on the side
opposite to the beam direction; see Fig. 1!. For certain angu-
lar regions in forward direction it is possible that a targ
atom located initially close to the surface is ejected as c
sequence of a single collision with a projectile~massM1 ,
energyE0). The energy transferred to a target atom of m
M2 initially at rest is then

FIG. 1. Energy of a direct recoil atom~tungsten! versus emis-
sion angle. Surface refraction due to a planar surface potenti
applied.
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T5gE0~cosw!2. ~3a!

w is the recoil angle of the target atom with respect to
direction of the impinging projectile (0,w,p/2). With C
andF0 indicating the angles of incidence and emission~in-
side the solid! with respect to the target normal, we find

w5p2F02C. ~3b!

The possible angles of emissionF0 are restricted to the in-
terval p/22C,F0,p/2.

For not too large energies of the ejected atoms the an
of emission is significantly influenced by the surface barr
of the solid. For an ideally plane surface of potential heig
EB the atom is refracted away from the surface normal
analogy to Snell’s law in optics. Conservation of energy a
momentum connects the internal angleF0 and the external
angleF:11

~T2Eb!~cosF!21Eb5T~cosF0!2. ~4!

Substituting the transferred energyT from Eqs.~3a! and~3b!
yields

cos~F!25
cos~F01C!2 cos~F0!22e

cos~F01C!22e
,

with

e5
Eb

gE0
. ~5a!

The energyErec of the direct recoil atom is then given by

Erec5gE0 cos~F01C!22Eb . ~5b!

This allows to represent the energy of the sputtered di
recoil atom as a function of the emission angleF. Figure 1
shows the dependence of the direct recoil energy on
emission angle for a fixed projectile energy~500 eV and
Ar1→W). Note that direct emission is only possible for
limited range of angles of incidence.

There are two branches which coincide at a ‘‘critica
angle of emission. Beyond this angle there are two poss
recoil energies corresponding to collisions with different im
pact parameters but leading to the same emission angle.
low energy branch corresponds to collisions with a large
pact parameter~e.g.,w'p/2) and correspondingly small en
ergy transferT to the target atom. IfT is of the order of the
surface binding energy, the influence of the latter becom
important with the result that, due to the increasing value
the scattering cross section with decreasingT the emission
becomes more efficient as compared to the high ene
branch~collisions with large energy transfer!. These low en-
ergy recoil atoms lead to a broadening and a shift of
maximum of the energy distribution in the considered an
lar interval. It should not be overlooked, however, that the
is also an influence of multiple interactions for low ener
collisions, as well as inelastic energy losses and effe
caused by surface roughness. This latter influence leads
smearing out of the direct recoil energies particularly in t
vicinity of the critical angleFcrit , where the recoil energy
Erec is a strong function of the emission angle. The hi
energy branch is generated by fast atoms which are o

is
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FIG. 2. Sketch of the experi-
mental setup. The inset depicts a
optional specially designed targe
mount which allows rotation dur-
ing sputtering. The standard
mount with a slit is drawn inside
the rotatable vacuum vessel.
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weakly influenced by surface refraction. It is therefore clo
to the uncorrected curve according to Eqs.~3a! and ~3b!.
Isolated ‘‘direct recoil peaks’’ are only expected for angl
much larger than the critical angle.

V. EXPERIMENT

The experimental setup is shown in Fig. 2. Polycrystall
pure metal targets~ALFA Products!, polished to optical
quality with 1 mm diamond powder, are cleaned prior to
measurement by bombardment with the ion beam gener
by a 1 cmKaufmann source~CSC!. A system of apertures in
front of the target limits the ion beam diameter to 10 m
Typical current densities are between 100 and 500mA/cm2

for bombardment energies between 200 and 500 eV. In
cases measurements at 5 keV were carried out. The K
mann ion source was exchanged for this purpose again
cold cathode ion gun~Fisons AG5000!. Two different target
mounts~I and II in the following! have been used. The ma
jority of measurements described below was obtained w
variant I. The target foils are fixed in this case in a stainl
steel holder with a slit through which the laser beam pro
gates. A stainless steel mask allows a free diameter of
target of 8 mm. The target can be heated by a heating
ment ~Boralectric! to approx. 400 °C. The observed scatte
ing volume is typically located 20–30 mm in front of th
target surface.

Target mount II—see inset in Fig. 2—allows for rotatio
of the target during bombardment with respect to the tar
normal in order to prevent the generation of a surface top
raphy with preferential directions.27 The target—a circular
foil in this case—is mounted on the front side of a me
cylinder, 13 mm in diameter, supported by a ceramic a
This cylinder can be heated up to about 600 °C with a tu
sten filament. The laser beam passes the rotating cylin
closely above its upper circumference in this case. The s
tering volume is located approximately 40 mm in front of t
target surface in order to minimize geometrical correctio
regarding the finite extension of the target and the sli
off-axis arrangement. The whole target mount can be rota
in the polar plane with the aid of a stepping motor driv
gear box under vacuum in order to select a specific angl
e
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ed
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incidence. The vacuum chamber is equipped with 15 vit
sealed suprasil laser windows, 20° apart on the circum
ence. The chamber~base pressure 231028 mbar) and the
attached turbo pump are connected to the roughing pu
through a bellows which allows a rotation angle of up
270°. Since the position of the observation volume is fix
through the observation optics~attached to main experimen
tal table!, rotation of the chamber permits to choose a spe
fied angle of emission.

The sputtered atoms are excited by a pulsed~;15 ns! UV
laser beam generated by an excimer laser-pumped dye
with a frequency doubling stage~Lamda Physik
EMG 2001FL 2002). The excitation of ground state tun
sten atoms is performed by radiation atl.291.1 nm@corre-
sponding to an unclassified state at 34 342 cm21 ~Ref. 28!#.
The fluorescence light atl.403 nm~life time A21593 ns)
is detected with a photomultiplier~Hamamatsu R928!
through an interference filter (FWHM55 nm). Ground state
titanium atoms are detected with excitation atl.294.2 nm
and observation aroundl.445 nm. This excitation schem
was also used earlier by Dullni.29 The photomultiplier sig-
nals are accumulated with a boxcar averager~Stanford Re-
search SR250! and are analyzed by a computer.

The fact that the velocity distribution is unsymmetr
~since all sputtered atoms move away from the surface! re-
quires an accurate spectral calibration of the zero velo
spectral position. This is realized by a fluorescence se
operating in parallel in a separate chamber; the atoms
again generated by ion beam sputtering. The optical exc
tion is performed in this case perpendicular to the direct
of particle emission so that a spectrally symmetric pro
results. The spectral position of the maximum yields the z
velocity position of the first fluorescence setup. Both t
fluorescence signals from the main experiment and from
zero velocity calibration setup are stored simultaneou
Furthermore, a small fraction of the laser beam is separa
by a beam splitter for normalizing purposes.

Absorption profiles determined by laser induced fluor
cence are known to be subject to nonlinear distortion effe
at higher pump powers due to saturation.30 In order to ex-
clude or minimize these effects, the intensity of the la
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pulse is attenuated to approach the linear section of the s
ration curve.

For the operation of the ion source the chamber is filled
typically 531025 mbar with a noble gas. The scanning
the fluorescence transition is performed by tuning the la
over the Doppler-broadened resonance with aid of a ho
made, stepper motor controlled pressure scanning unit.
laser linewidth~narrowed by an intracavity etalon! allows us
a velocity resolution of approximately 0.7 km/s. The spec
position is monitored simultaneously with a monitor etalo

Between 10 to 100 fluorescence pulses are summed u
depending on the signal amplitudes. The velocity of the
oms which are excited at a fixed setting of the pressureP in
the sealed dye laser oscillator chamber is calculated from
difference P2P0 (P0 : pressure at the maximum of th
reference line!, the pressure intervalPFSR between two con-
secutive peaks of the interference pattern obtained with
monitor etalon, the frequency of the transitionn0 and the
free spectral rangenFSR of the etalon:

v5c
nFSR

n0

~P2P0!

PFSR
.

The measured velocity-density-distributionsn(v) allow us to
calculate the energy distribution of the sputtered flux:

f ~E!5vn~v !
dv
dE

}n~A2E/M !.

@The LIF signal is proportional to the number density in t
scattering volume~dimension along the beam direction:DL
55 mm typically! for resting particles. A possible correctio
due to the motion of atoms in or out of the scattering volu
is negligible as long asvt!DL ~t denotes the time o
measurement—typically of the order of the lifetime!. For Ti
this condition is uncritical due to the short lifetime of th
upper state (A21;4 ns). For tungsten the lifetime is abo
93 ns. It can be shown that velocity dependent contributi
of the detection probability cancel, however. The relat
emission probability of a photon within a timet after an
infinitisimal ‘‘short’’ excitation is given byP(t)512e2At.
Then the number of detected photonsS is proportional:

S}~DL2vt!P~t!1E
0

vt

dxPS x

v D1E
0

vt

dxe2Ax/vPS t2
x

v D .

The first term is due to atoms which stay in the scatter
volume during the registration time, the second contribut
is due to atoms which leave the volume, and the last term
due to excited atoms which enter the scattering volume.
serting the aforementioned probabilityP(t) yields S
}DLP(t). The result is the same for particles at rest.#

RESULTS AND DISCUSSION

Figures 3~a!–3~d! show experimental energy distribution
of sputtered tungsten atoms~cubes! for bombarding energies
of 5000, 500, 300, and 225 eV for a fixed geometry: norm
incidence and normal emission. Shown for comparison
also the Thompson distribution@Eq. ~1b!, dashed# calculated
with a surface binding energy ofEb58.7 eV corresponding
to the sublimation heat.31 The step functions shown are re
tu-
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sults of Monte Carlo calculations using theTRIM.SP ~ver.
TRVMC95! code.23 The simulations are based on the KrC
interaction potential, and the heat of sublimation has b
used for the surface binding energy. A 50:50 mixture of t
nonlocal Lindhard-Scharff and the local Oen-Robinson st
ping power was adopted for the inelastic electronic los23

The experimental distribution, Fig. 3~a!, is well approxi-
mated for a bombarding energy of 5 keV by a Thomps
distribution describing the isotropic limiting case with a hig
energy tail corresponding toE22. Note also the good agree
ment with theTRIM.SP result. The experimental distributio
exhibits, however, a slight shift of the maximum towar
higher energy. If we considerEb in a more general sense a
a formal fitting parameter to describe the distribution, o
arrives after minor corrections for the geometry~see Ref. 32!
and after convolution with the laser profile at a value ofEb
510 eV. For smaller bombarding energies the tails of
spectra exhibit clear deviations when compared to the re
ence distribution Eq.~1b! @Figs. 3~c!–3~d!#. This steeper
slope of the measured distributions at higher energies of
sputtered atoms for the case of bombardment with low
ergy ions is in agreement with earlier results33 and also with
the results of the simulation calculations. It could be e
plained qualitatively by the higher energy loss in low ener
collisions: the projectile is deflected by large angles at l
collision energies and is slowed down with large energy l
thus generating collision cascades of only rather limited s
This situation is better described by the ‘‘single knock on
regime of sputtering.11 The mass ratio is, in addition, ver
unfavorable for the case of sputtering of tungsten atoms
argon ions so that a comparatively small amount of energ
transferred for generating recoil cascades. Primary recoi
oms generated by ions reflected inside the solid are, h
ever, important in this case. The theory formulated
Falcone34,35for bombardment with light projectiles takes th
sputtering mechanism into account; the calculated ene
distributions are tentatively included for comparison in Fig
3~b!–3~d!. This distribution~which yields a better approxi
mation to our results! is of the form

FIG. 3. ~a!–~d! Dependence of the energy distribution of spu
tered tungsten atoms for fixed geometry~normal incidence and
emission! on the bombarding energy. The TRIM simulation
shown as a step function together with the Thompson distributio
a reference~dashed line!. In ~b!–~d! also the light ion sputtering
theory according to Falcone is shown.
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G~E!}
E

~E1Eb!5/2 lnS Ec

E1Eb
D ~E1Eb,Ec!. ~6a!

The ‘‘cutoff’’ energy Ec in this distribution has been ident
fied with the maximum energy which can be transferred t
target atom by areflectedprojectile, namely

Ec5g~g21!E0 . ~6b!

The dependence of the energy distributions on the angl
emission at normal incidence is only weak for sputte
tungsten atoms. No significant change was observed in
of the bombardment of tungsten with 500 eV argon ions
angle variations fromF50° to F560°. We do not show
the data here for this reason. A more significant angular
pendence of the energy distributions for normal inciden
was found in contrast for high collisional energy transf
e.g., the nearly equal mass case: bombardment of titan
with argon ions. The anisotropy is increasing as expec
with falling impact energy as demonstrated in Figs. 4~a!–
4~c!, where energy distributions at normal (F50°) and ob-
lique incidence (F560°) are compared for different bom
barding energies.

In order to describe the angular variation of the ene
distributions by a simple analytical formula we use the fo
suggested by the momentum term Eq.~2!:

G~E,F!}
E

~E1Eb!3 ~11lAE cosF21Eb!. ~7a!

l is treated here as an empirical fitting parameter, and
~7a! is considered as meaningful only for positive value
The surface binding energy was inserted according to
heat of sublimation.

This expression corresponds to the first order term in
expansion of the internal energy spectrum in Legen
polynoms of the directional cosine. The amplitude of t
correction term is also chosen proportional to the momen
of the recoil atom. The fitting parameter turns out, howev
to become negative for low energy bombardment in orde
approximate the experimental distributions—indicating
negative correction to the isotropic flux—and should the
fore not be interpreted as the deposited momentum den
which would lead to a positive correction. Since Eq.~2! is
valid for higher bombarding energies, this is not in cont
diction to our data, however.

It is noteworthy that Eq.~7a! describes the angular varia
tion of the experimental data over a broad angular ra
~with the same fitting parameterl!.

At higher bombarding energy (E055000 eV) the energy
spectra broadens and the fitting parameter becomes pos
The energy distribution is very close to the isotropic sp
trum @Eq. ~1b!# in this case.

A series of normalized energy distributions for bomba
ment atE05300 eV is depicted in Fig. 5 together with th
results of theTRIM.SPcalculation. The Thompson distributio
@Eq. ~1b! calculated with the heat of sublimationEb
54.9 eV~Ref. 31!# is also shown for reference~dashed line!.
For normal emission the experimental distribution is close
the Monte Carlo simulation. The energy distribution aga
exhibits a deficit of fast particles as compared to
Thompson-distribution. With increasing exit angle the e
a
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ergy distribution broadens and the peak shifts towards hig
energies~e.g., for normal emission the distribution peaks
about E51.7 eV, while the distribution peaks nearE
53 eV for emission atF560° –see inset! and the high en-
ergy falloff becomes weaker. The simulated distributions
hibit the same trend as the measured distributions at med
emission angles, but their broadening is less pronoun
The broadening of the energy distribution and the peak s
for oblique emission angles is explained qualitatively
single-kock on sputtering by primary recoil atoms, whi
effectively transfer momentum to surface near atoms~e.g.,
within a monolayer distance6! predominantly at small angle
with respect to the surface, thus leading to energetic s
tered particles at oblique emission angles and an ‘‘und
cosine’’ angular distribution. The most pronounced disagr
ment between simulation and measurement is found
grazing emission (F580°): whereas the calculated energ
distribution exhibits narrowing, the experimental data poi
are closer to the isotropic Thompson energy spectrum.
influence of the roughness of our ‘‘real’’ target surfa
should be considered here as a possible reason, whic

FIG. 4. Anisotropy effect of the energy distributions of spu
tered titanium atoms bombarded by 5000 eV, 300 eV, and 225
argon ions at perpendicular incidence, shown for normal~open
symbols! and oblique emissionF560° ~solid symbols!. The solid
lines are calculated according to Eq.~7a! with Eb54.9 eV andl is
fitted for the normal emission direction (l50.13,20.16, and20.2
for E055000 eV, 300 eV, and 225 eV!.
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expected to influence the shape of the energy distribu
more strongly for grazing emission: the bombardment
duces the development of inclined microscopic surfac
each obeying a forward scattering geometry which leads
oblique exit angles~with respect to the target normal! to a
higher mean energy of the sputtered atoms~see below!.

The angular variation of the energy distribution is mu
more pronounced even for comparatively high energies a
oblique angle of incidence—a case of practical importa
for many technical applications related to thin film depo

FIG. 5. Comparison of the experimental spectra at perpendic
incidence with theTRIM.SP calculation~shown for various emission
angles!. The solid line depicts the Thompson distribution@Eq. ~1b!#.
The peak shift at oblique emission is depicted in the inset.
n
-
s,
r

ar

FIG. 6. Influence of the anisotropy on the energy distribution
oblique incidence at high energy~a! and lower energy~b!. Open
symbols refer to the backward direction; solid symbols refer to
forward direction. In ~a! the Thompson distribution withEb

54.9 eV~heat of sublimation! is depicted for comparison. The soli
lines depicted in~b! are calculated according to Eq.~7b! (lx

50.03; ly50.25).
e
FIG. 7. Set of energy distributions of sputtered titanium atoms at oblique incidence (C550°) and 500 eV ion energy compared to th
TRIM.SP simulation. The solid line depicts the angular variation according to Eq.~7b! (lx50.03 andly50.25). The shift of the peak is
shown in the inset.
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9356 PRB 62A. GOEHLICH, N. NIEMÖLLER, AND H. F. DÖBELE
tion, since it is well known that the sputtering yield peaks
an angle of incidence typically aroundC560° – 70°.2

Figure 6 illustrates the behavior of the anisotropy corr
tion of the energy distribution for oblique incidence~argon
bombardment of titanium atC550°) at different bombard-
ing energies for backward (F5250°) and forward emission
(F5150°). Whereas at high energy~5000 eV! only minor
changes with the emission angle occur@Fig. 6~a!#–indicating

FIG. 8. Energy distributions of tungsten atoms at oblique in
dence (C550°) and 300 eV ion energy compared to theTRIM.SP

calculation. The Thompson distribution is added for reference.

FIG. 9. Energy distribution of tungsten atoms at 500 eV a
angle of incidenceC560°: ~a! normal emission;~b! forward emis-
sion. Note the behavior of the high energy fall-off in comparison
the Thompson-distribution@Eq. ~1b!#. The slight hump in the en-
ergy distribution in~b! is attributed to direct recoil atoms. In~b! the
Thompson distribution withEb taken as a fitting parameter is in
cluded~dotted line!.
r

-

a nearly isotropic recoil distribution inside the solid
pronounced changes for bombardment with 500 eV ar
are observed, e.g., a broadening of the energy distribu
and a shift of the peak in forward direction@Fig. 6~b!#. The
mean energy~obtained from numerical calculation! increases
from ^E&.7.4 eV backward direction tôE&.30 eV in for-
ward direction, while the peak shifts from 1.6 eV to 3.4 e
Note also the change of the energy scale as compared to
4. The angular variation of the experimental distribution w
approximated again by a first order correction of the anal
cal form of the momentum term, namely

G~E,F!}
E

~E1Eb!3 ~11lxAE cosF21Eb6ly sinFAE!,

~7b!

wherelx ,ly are treated as fitting parameters. The ‘‘1’’ and
‘‘ 2’’ signs refer to emission in forward and backward dire
tion, respectively. This dependence describes the set of
perimental distributions satisfactorily in the angular ran
from F5270° to 50° with the same set of valueslx , ly,

-

d

FIG. 10. Energy distribution of sputtered tungsten atoms w
xenon bombardment at an angle of incidence ofC570°. The ob-
servation direction wasF550°. The simulations shown were ca
culated forF550° ~solid stepped curve! andF570° ~dotted!. The
cutoff of the energy distribution due to the maximum transfera
energy is indicated.

FIG. 11. Systematic change of the energy distributions at
lique incidenceC570°. These measurements were performed
ing the rotating target device. Influence of direct recoil atoms
visible in the forward direction. The arrows indicate the direct
coil energies.
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andEb taken as the heat of sublimation. The aggreemen
the experimental spectra with theTRIM.SP simulation is good
~Fig. 7!.

Figure 8 shows the result of measurements of sputte
tungsten atoms for an angle of incidence ofC550° bom-
barded with 300 eV argon ions together with results of
TRIM.SP simulation and the Thompson distribution@Eq. ~1b!#
as a reference~dotted lines!. The latter is again not an ac
ceptable approximation, and the experimental distributi
are systematically shifted in forward direction. Note also
absence of the characteristicE22 falloff.

The energy distributions of the sputtered tungsten ato
become substantially broader at higher bombarding ene
Fig. 9 shows the case of bombardment of tungsten with
eV argon ions at an angle of incidence ofC560°. Figure
9~a! shows the distribution for atoms ejected in normal
rection (F50). The ‘‘under-Thompson’’ behavior is obvi
ous. This indicates the lack of a sufficient number of hi
energetic recoil atoms in normal direction. The energy d
tribution obtained for the forward direction in contrast exh
its a substantial broadening. The attempt to approximate
distribution of Fig. 9~b! by a Thompson type distribution
@Eq. ~1b!# leads to a value ofEb518 eV—a factor of 2
higher than the heat of sublimation. Since the broadenin
not due to the change of the surface binding energy but
to the anisotropy, one should, therefore, rather speak
‘‘Thompson parameter’’Eb , if more general distributions
are to be described by a formal expression of this type.
link to the physical picture of a surface binding ener
~which is connected to the notion of the atomization heat! is
no longer meaningful. The slight hump in the energy dis
bution of Fig. 9~b! can be explained by the contribution o

FIG. 12. Influence of direct recoil atoms on the energy spectr
observed at the same emission angleF550°: ~a! angle of inci-
dence 50°;~b! angle of incidence 70°. For case~b! a contribution of
direct recoil atoms is expected~see inset!.
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direct recoil atoms. The good agreement between the exp
mental data and the results of theTRIM.SP simulation is also
remarkable.

The effect of surface roughening is particularly pr
nounced for bombardment with heavy ions~xenon! at very
oblique incidence~70°!. Figure 10 shows the measured e
ergy distribution of tungsten atoms together with tw
TRIM.SP simulations. Case~a! corresponds to an emissio
angle ofF550°. A discrepancy is obvious especially in th
high energy part of the spectrum. The agreement is m
better with the simulation~b! which was obtained forF
570°. This observation has lead us to the assumption
the direction of the effective surface normal has chang
under the influence of a surface topography induced by
oblique ion bombardment.

We have performed, therefore, further investigations
the influence of direct recoil atoms by using the rotati
target device~see Sec. V!. We expect that target rotatio
under oblique bombardment results in a more stationary
smoother surface.27 The situation for oblique incidence (C
570°) is shown in Fig. 11 along with theTRIM simulations
for comparison. Almost no dependence on the emiss
angle is observed forF between250° and130°, whereas at
150° we observe an onset of substantial broadening.
arrows shown indicate the recoil energies calculated w
Eqs.~5a! and ~5b!. A disagreement between the experime
and the simulation is obvious in the case of extreme forw
direction: the direct recoil hump in the simulation appea
more pronounced as compared to the measurement.
may be attributed to the residual roughness of the target

According to the discussion in Sec. IV direct emission
only possible in forward direction for certain angles of inc
dence. Figure 12 shows the influence of direct recoil ato
on the spectrum. Two experimental spectra for bombardm
with 500 eV argon ions with angles of incidence ofC
550° ~a! and 70°~b! and for thesameemission angleF
550° are compared. At an angle of incidence ofC550°
there should be no direct recoil emission into the selec
angle of emission, whereas forC570° the critical emission
angle is roughly 50°. In this latter case we clearly observe
additional broadening which is not found for bombardme
underC550°.

VII. SUMMARY AND CONCLUSION

Laser induced fluorescence diagnostics is applied in
study to the investigation of energy distributions of sputte
metal atoms~tungsten and titanium! under various conditions
of bombardment and particle emission.

For normal incidence and keV bombardment the pred
tions of the standard linear cascade theory are verified
good degree of approximation. In the case of sputtering
tungsten values for the surface binding energy are fo
which slightly exceed the values published for the sublim
tion heat. With decreasing energy of the ions the measu
distributions exhibit increasing deviations from the stand
linear cascade theory especially in high energy tail; this
havior is also reproduced by theTRIM.SP simulation. For en-
ergies smaller than 500 eV the energy spectra accordin
the formulation of Falcone approximates the experimen
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energy distributions quite well. At normal incidence on
weak changes of the distributions with the angle of emiss
were found for tungsten. For bombardment of titanium
argon ions at lower energy~,500 eV! an increasing broad
ening of the energy distribution with oblique emission an
and a peak shift towards higher energy was observed in
trast. This angular dependent broadening is explained by
single knock-on sputtering mechanism.

At oblique incidence considerable deviations of the e
ergy distribution as a function of emission angle a
observed—in good agreement with the results of theTRIM.SP

simulations.
It is possible to approximate the angular variation of t

measured distributions by an analytical formula with a fix
value for the surface binding energy~chosen as the heat o
sublimation! and one~normal incidence! or two free param-
eters ~oblique incidence!. The agreement between expe
ment andTRIM.SP simulation with bombarding energies a
,

d

n

K.
n
y

n-
he

-

low as 200 eV is generally good with the exception of ve
oblique emission. TheTRIM.SP simulation exhibits in genera
more details which appear smeared out in the measurem
In particular, structures in the spectra due to direct rec
atoms are much more pronounced in the simulation. T
disagreement is attributed mainly to surface roughening
taken into account in the simulation. This is supported
SEM analysis of the targets which typically shows a stru
ture of the sputtered target surface on amm scale. This work
is currently being continued by investigations of sputter
metal films prepared byin situ evaporation.
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