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Cascade mixing in AlxGa12xAs/GaAs during sputter profiling by noble-gas ions

M. K. Linnarsson* and B. G. Svensson
Royal Institute of Technology, Solid State Electronics, P.O. Box E229, SE-164 40 Kista-Stockhom, Sweden

~Received 6 May 1999!

The effect of cascade mixing on profile broadening during secondary-ion mass spectrometry~SIMS! analysis
has been thoroughly investigated for AlxGa12xAs/GaAs structures of five different compositions~x50.1, 0.3,
0.5, 0.73, or 1! and layers with varying thicknesses~from one monolayer to 1000 Å!. The SIMS analyses were
performed using primary sputtering ions of20Ne1, 40Ar1, 84Kr1, and 136Xe1 with an impact energy~E!
ranging from 1.8 to 13.2 keV and an angle of incidence, with respect to the surface normal~u!, from 62° to 35°.
Within the experimental accuracy, the decay length of the trailing edge was found to be proportional to
E1/2 cosu where the proportionality constant displays a relatively weak dependence on primary ion mass.
However, the leading edge is strongly affected by the extension of the collision cascade as demonstrated by a
comparison of the results for the different ions at a given energy. As long as the cascade is fully developed
before reaching an interface no dependence on the sample depth is obtained for the profile broadening.
Furthermore, the decay length for the trailing edges is extracted in the dilute limit and no effect of the marker
thickness or thex value is revealed. A numerical treatment of the profile broadening within a diffusional model,
where the diffusion coefficient is assumed to be proportional to the energy deposited in elastic collisions, gives
a surprisingly good agreement with the experimental data.@S0163-1829~99!08543-4#
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I. INTRODUCTION

An issue of major concern for sputter profiling of sem
conductor structures concerns the fundamental processe
termining the depth resolution. This is, indeed, of the utm
relevance since today superlattices and quantum-well st
tures with atomically sharp interfaces and dopant distri
tions can be fabricated. Over the last decades substantia
forts have been made to improve our understanding of
effects of ion bombardment of such structures and so
mechanisms have been identified, e.g., cascade mixin1–3

primary recoil mixing,4 surface roughening,5–7 radiation-
enhanced diffusion8–12 and segregation,9–11 so-called Gibb-
sian surface segregation,9,12–15 and preferential
sputtering.16–18 Normally, these mechanisms are active
multaneously but a carefully designed experiment may i
ally isolate the effects of one particular mechanism of int
est.

In this study we focus on the transport of target atoms
recoil mixing which can be divided into two contribution
primary and cascade mixing. The first one emerges fr
direct collisions between the incident ions and target ato
a small number of relatively energetic recoiling atoms w
be preferentially generated in the direction of the incid
ions and will contribute to a shift and broadening of a giv
initial profile. However, the influence of primary mixing i
generally of minor importance. Cascade mixing is in m
cases the major effect, and Guinan and Kinney19 described
the evolution of a cascade by three stages, first an in
displacement/collision phase, second a relaxation ph
where a large fraction of generated defects recombine s
taneously, and finally, a third phase where the lattice
‘‘cooled down’’ to the ambient temperature applying th
concept of thermal spike.2 Both the initial and the third phas
involves a relocation of target atoms but the nature of
atomic transport is different. The collisional phase is ballis
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and perhaps the best understood part in the mixing proce
binary description of the collisional events is found to app
as long as the density of elastic energy deposition is sm
Analytical models based on Boltzmann’s linear transp
equation as well as Monte Carlo simulations show go
agreement with experimental data for sputtering yields a
ion penetration depths,4,20–22 and the ballistic collisions oc-
cur typically on a time scale23 of 10213– 10212s. It should
also be mentioned that during the collisional phase inter
tials and vacancies are created which survive during lon
times and may facilitate diffusion in later stages.

If the density of energy deposited in elastic collisions b
comes high enough~>1–10 eV/atom! the binary collision
approximation starts to break down and many-body collis
must be taken into account. The energy of the impinging io
is divided between a large number of low-energy recoili
target atoms involved in the collision cascade and the ene
distribution becomes of Maxwell-Boltzmann type. The co
cept of a local temperature and thermal spike24 can be intro-
duced and the excess energy associated with the colli
cascade is distributed in the target according the class
laws of heat conduction. For ion energies typical of sput
depth profiling (1 – 10 keV);103– 104 target atoms are se
in motion by each impinging ion, and the cascade quenc
in ;10211s after reaching equilibrium with the surroundin
lattice.

It is interesting to note that the diffusion transport equ
tion and the linear Boltzmann transport equation are com
mentary forms of the continuity equation, and an attract
approach for the modeling of collision-induced transport
target atoms is to adopt the well-known formalism esta
lished within the theory for diffusion.25–28 Several experi-
mental results reveal substantially larger mixing of targ
atoms than predicted by models taking only the collisio
contribution into account,29 and this supports the idea tha
the mass transport occurs predominantly during the coo
14 302 ©1999 The American Physical Society
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PRB 60 14 303CASCADE MIXING IN Al xGa12xAs/GaAs DURING . . .
stage of a cascade. Assuming that the mixing contribu
from binary collisions is negligible, several authors30–33have
developed a phenomenological model which exhibits go
agreement with experimental data for mixing of metallic
layers by ions with energies in excess of;100 keV. The
model is also found to be valid at the ion energies emplo
for sputter depth profiling,34 and the similarity between mix
ing at high and low ion energies~>100 and<10 keV! can
be attributed to the fractal nature of the collision cascade33

On the basis of a model by Ma35 for mixing in the dilute
limit of thin markers in a metal matrix, Zalm and Vriezema36

derived a simple expression for a characteristic scaling fa
~decay length!, with the dimension of length, describing th
profile broadening during sputtering by low-energy ions.
major modification in Ref. 36 compared to the model
Ma35 concerns the effect of the eroding surface and o
those ions are considered where the surface has come
the vicinity of the marker. The decay lengthl is predicted to
be proportional to the square root of the incident ion ene
~E! multiplied by the cosine of the angle of incidence~u!
~with respect to the surface normal! where the proportional-
ity constant is independent of the projectile mass. This is
direct contrast to relations proposed by other authors ass
ing that l scales with the ion penetration depth.37–39 How-
ever, the type of relation suggested by Zalm and Vrieze
has been supported by several recent experiments,40–42 al-
though the predicted independence of the projectile mass
not been addressed in detail. A similar scaling of the pro
broadening withE1/2cosu, but including a dependence o
the primary ion mass, has been derived by Andersen22 using
a different starting point where the cascade mixing is trea
in a diffusional manner based on collision theory.

In this work a systematic secondary-ion mass spectr
etry ~SIMS! study of cascade mixing in superlattice stru
tures of AlxGa12xAs/GaAs has been performed using nob
gas ions for sputtering. The effects on profile broadening
ion mass, impact ion energy, angle of incidence, quantu
well thickness,x value ~Al content!, and sample depth hav
been investigated. The variations in erosion rate and ion
tion yield with x are also examined. In particular, the infl
ence of projectile mass on cascade mixing is studied in de
and a close proportionality between the decay length of
trailing edge andE1/2cosu is obtained. The proportionality
constant displays only a weak dependence on ion mass w
the opposite holds for the leading edge. In the latter case
extension of the collision cascade is found to play a cru
role and the experimental data are compared with sim
tions using a diffusional model where the diffusivity is a
sumed to be proportional to the elastic energy deposition

II. EXPERIMENTAL DETAILS

Al xGa12xAs/GaAs~x50.1, 0.3, 0.5, 0.73, or 1! superlat-
tice structures with different layer thickness were prepa
by metal-organic vapor phase epitaxy~MOVPE! and by
molecular-beam epitaxy~MBE!. In Figs. 1~a!–1~c! sche-
matic diagrams of the sample structures are shown.
thickness of the individual layers and the Al concentrat
were determined by high-resolution x-ray diffraction using
four-crystal monochromator, except for the samples withx
50.1 where the GaAs and Al0.1Ga0.9As peaks could not be
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clearly resolved. This holds also for the sample with a pe
odicity of two monolayers where the signal intensity fro
the first pair of satellites was below the background level.
order to facilitate the x-ray measurements an additional pa
age of 20 identical AlxGa12xAs/GaAs periods were in-
cluded, as indicated by Figs. 1~a! and 1~c!. Homogeneous
layers of AlxGa12xAs ~x50.1, 0.3, 0.5, 0.73, or 1! with a
thickness of;2 mm were used for studying thex depen-
dence of the27Al1 secondary-ion intensity and the erosio
rate. A cap surface layer of GaAs was grown on the Al
samples to prevent oxidation of Al. Furthermore, a photo
minescence study of the interface quality indicates an abr
ness of the interfaces of less than 3 ML.

The SIMS analyses were performed in a Cameca imsf
instrument. Primary sputtering ions of20Ne1, 40Ar1, 84Kr1,
and 136Xe1 were employed with an impact energy rangin
from 1.8 to 13.2 keV where the sample voltage~4.5 kV! and
the plasma energy in the ion source~0.2 keV! are taken into
account. The primary ion energy and the angle of inciden
u cannot be varied independently in the ims 4f configuration
and an increase of the energy from 1.8 to 13.2 keV result
a decrease ofu from 62° to 35° with respect to the surfac
normal. When estimatingu, correction has been made for th
change in angle with respect to the optical axis caused by
deflection plates for beam positioning.43 The primary ion
beam was rastered over an area of 2503250mm2 and sec-
ondary ions of27Al1 were collected from the central part o
this area~analyzing diameter;8 mm!. The dynamical range
was more than three decades for all thex values. During
profiling the stability of the primary ion current was bett
than63% and the erosion rate was in the range 0.5–3 Å
Series of measurements of the crater depth as a functio
sputter time have been used to extract the erosion rates.
ter depths were determined by an Alphastep-200 surface
lus profilometer. The pressure in the sample chamber
,431029 Torr during analysis.

FIG. 1. Schematic diagrams of the sample structures used
analysis;~a! and ~b! are grown by MOVPE and~c! by MBE.
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III. RESULTS

A typical depth profile of Al obtained from a
Al0.5Ga0.5As/GaAs structure during sputtering by40Ar1 ions
using an impact energy of 1.8 keV (u562°) is shown in Fig.
2. The original scale for the sputtering time is converted i
depth using not only the total crater depth but also tak
into account the dependence of the erosion rate on the
content. In Fig. 3~a! the relative erosion rate is depicted as
function of x for six different impact energies of40Ar1 ions
ranging from 1.8 to 8.2 keV, and the values are normaliz
with respect to the rate in GaAs. AsE increases the decreas
in the erosion rate withx becomes stronger and at 8.2 ke
there is a difference of almost a factor of 2 between Al
and GaAs. For each energy, a linear approximation is m
in Fig. 3~a! and an analogous treatment is also made
20Ne1, 84Kr1, and136Xe1 ions; these relations are then em
ployed in the conversion of sputtering time to depth for t
measured profiles. Moreover, the so-obtained depth sca
compared with x-ray data and the two sets of values for
period of the structures agree within 3%. Figure 3~b! dis-
plays the ratio between the secondary-ion intensity of27Al1

and the erosion rate as a function ofx, and irrespective of ion
energy the increase in the ionization withx show a pro-
nounced diviation from a linear relation.

From the measured profiles, exemplified by Fig. 2,
exponential decay lengthlmeasof the trailing edges of the A
profiles has been evaluated according to the relation

lmeas5
z12z2

ln
I z2

I z1

, ~1!

whereI is the secondary-ion intensity of27Al1, z1 andz2 are
the depths corresponding toI z1

andI z2
, respectively. A least-

squares fit of the experimental data by an exponential r
tion was typically performed between 10% and 0.1% of
maximum intensity. Within the experimental accuracy t
values of lmeas obtained from MOVPE and MBE grown
samples are identical, as illustrated in Fig. 4 f

FIG. 2. SIMS measurements of the Al concentration ver
depth obtained from a Al0.5Ga0.5As/GaAs structure using40Ar1 ions
at an impact energy of 1.8 keV (u562°). Decay lengths are ex
tracted from the trailing edges marked with I and II.
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Al0.5Ga0.5As/GaAs structures profiled by40Ar1 sputtering
ions. In the intensity interval used for extraction oflmeasthe
addition of ion-induced and intrinsic slopes can be written

l ion
n 5lmeas

n 2l intr
n ~2!

s

FIG. 3. Erosion rate~a! and ratio between secondary-ion inte
sity and erosion rate~b! as a function of Al concentration~x values!
for 40Ar1 ions at impact energies of 1.8, 2.2, 3.2, 4.2, 5.7, and
keV.

FIG. 4. Comparison between measured decay lengths (lmeas)
obtained from MOVPE and MBE grown samples withx50.5 using
40Ar1 ions. Error bars indicate a relative accuracy of65%.
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with n'4.44,45 For the structures used in this study,l intr
'2 Å, which corresponds to an interfacial abruptness of;3
ML, and the approximationl ion'lmeasis valid within a high
degree of accuracy.

In Fig. 5 lmeasis depicted versusx for four different en-
ergies of40Ar1 ions during analysis of the sample structu
described in Fig. 1~b!. No dependence onx is revealed and
this holds for all the noble-gas ions used. Moreover, exc
for the most oblique angle of incidence~lowest energy!
where tilted crater bottoms cause a degradation in the d
resolution, no dependence of the extractedlmeas values on
sample depth and layer thickness is observed. This is sh
in Figs. 6 and 7 forx50.5 and40Ar1 ions, and similar re-
sults hold for all the combinations of ions, energies, a
sample structures employed in this study.

The average value oflmeasextracted at interfaces I and
@Fig. 1~a!# is displayed in Fig. 8~a! as a function ofE1/2cosu
for 40Ar1 ions, and a linear relation is found to hold with
high correlation coefficient. Fig. 8~b! shows the results for al

FIG. 5. Decay length (lmeas) versus Al concentration~x values!
for the sample structure described in 1~b! obtained with 1.8, 2.2,
3.2, and 5.7 keV40Ar1 ions.

FIG. 6. 27Al1 signal as a function of depth for the trailing edg
at the interfaces 1, 6, 11, 16, and 21 in the sample structure give
1~b! and withx50.5. Analysis was performed with40Ar1 ions at an
impact energy of 5.7 keV. The depth scales for the interfaces 6
16, and 21 have been displaced in order to facilitate a compar
with interface 1.
pt

th

n

d

the noble-gas ions used, and a small but significant decr
of the linear slope with increasing ion mass is revealed. T
absolute values of the slope are depicted versus the ion m

in

1,
on

FIG. 7. 27Al1 signal as a function of depth for the trailing edg
after passing Al0.5Ga0.5As layers of various thicknesses~mono, 75,
150, 250, and 1000 Å! using the sample structure in 1~a!. Analysis
was performed with40Ar1 ions at an impact energy of 8.2 keV. Th
depth scales have been displaced in order to facilitate a compar

FIG. 8. Decay length (lmeas) of the trailing edge at the inter
faces I and II in 1~a! versusE1/2cosu for ~a! 40Ar1 and ~b! 20Ne1,
40Ar1, 84Kr1, and 136Xe1 sputtering ions. Error bars indicate
relative accuracy of65%.
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14 306 PRB 60M. K. LINNARSSON AND B. G. SVENSSON
in Fig. 9 and a relative difference of;15% is found between
20Ne1 and 136Xe1 ions.

In contrast to that for the trailing edge, the leading edge
not truly exponential but more Gaussian in shape, which
illustrated in Fig. 10 showing the27Al1 signal from three
GaAs/Al0.5Ga0.5As interfaces located at different depths.
broadening with increasing depth is observed and this ef
is also found to exhibit a pronounced mass dependence,
11. The dynamic range of the27Al1 signal decreases by a
most a factor of 4 for20Ne1 relative to that for136Xe1, and
applying an exponential approximationl leading edge~

20Ne1!
'2l leading edge~

136Xe1! at 5.7 keV.

IV. DISCUSSION

A. Some basic considerations

The relative influence of direct projectile~Ne, Ar, Kr, Xe!
-target collision~recoil implantation! and target-target atom
collision ~cascade mixing! on profile broadening can be e
timated through Monte Carlo simulations using the transp

FIG. 9. Absolute values of the slopes betweenlmeas and
E1/2cosu, extracted from the data in 8~b!, versus ion mass. Erro
bars indicate a relative accuracy of63%.

FIG. 10. 27Al1 signal as a function of depth for the leading ed
at three GaAs/Al0.5Ga0.5As interfaces located at different depth
@sample structure given in 1~a!#. 4.2 keV 40Ar1 ions were used for
profiling. The depth scale for the two deep interfaces have b
displaced in order to facilitate a comparison.
is
is

ct
ig.

rt

of ions in matter code~TRIM, version290!.46 The relocation
caused by direct projectile-target collision contributes with
minor part to the total number of displacements varyi
roughly from 10% for the highest energies used in this stu
to ;30% for 1.8 keV20Ne1 ions. The first collisions in a
cascade are anisotropic and can produce both a shift a
broadening of a given initial profile; a few target atoms w
receive large momenta in the forward direction, which a
have been reported as tails in high-energy ion beam mix
studies,47,48 but these direct knock-on recoils are rare even
The low-energy fraction of the cascade may, however,
regarded as isotropic mainly causing broadening of the or
nal profiles. The initial energy distribution of recoiling atom
in a cascade is strongly weighted towards low energies a
major part is close to the displacement energy thresh
(Ed). Assuming that nuclear stopping dominates, Sigmun49

has shown that the recoil density, scales as 1/T2 whereT is
the energy of the recoiling atoms. This scaling predicts t
in the energy range studied less than 3% of the recoi
atoms will receive energies above 500 eV. Furthermore,
projected range in GaAs for 500 eV ions ranging fro
136Xe1 to 20Ne1 varies only between 16–19 Å indicatin
that most atomic motion will be short and on the order o
few atomic distances. This short range of penetration for
major part of displaced atoms in combination with th
target-target atom collisions dominate suggest that the t
amount of deposited energy determines the degree of mi
rather than the projected range of the primary ions. On
other hand, the projected range of the primary ions refle
where the energy is deposited. The contribution of electro
energy losses to the total stopping is typically less than 1
in the energy range studied. For simplicity, this small con
bution from the electronic stopping is neglected in the f
lowing discussion and the power-law approximation, with
exponentm'0.19– 0.25, is found to apply for the elast
collisions, according to the so-called universal stopp
power in the energy range of interest.50,51

B. Extension of the collision cascade

A marker profile starts to be affected by the sputteri
ions first when the collision cascade reaches the profile
n

FIG. 11. 27Al1 signal in a small depth interval of the samp
structures in 1~a!, using 20Ne1, 40Ar1, 84Kr1, and 136Xe1 sputter-
ing ions at an impact energy of 5.7 keV.



t-
th
he
ow
nt

he
ta
re
h
n
r
th
e

low
ad

t
t

g

s

r
d

dg
m
e
in
t

ad
re
he
ll t
r
co

th
rig
a
d
a
en

s-
l
e
e

d

ns

as-
ess
n

-

t
so

ri-
k

s fit
,
ing
on-
-
ion
.
e
m-
ped
-
.
ng
d by
h

-
the
er a
to

a-
on,
tion
e a
n of
red
n a
of

as a
as

one
ies
re-

PRB 60 14 307CASCADE MIXING IN Al xGa12xAs/GaAs DURING . . .
will undergo continuous redistribution until it is fully spu
tered away. If a marker is situated at a depth larger than
extension of the cascade a dynamical equilibrium is reac
and no degradation with depth should be obtained, as sh
in Fig. 6 for five identical structures located at differe
depths.

The amount of broadening of a profile is related to t
distance of relocation of the recoiling atoms and the to
number of displacements before the marker is sputte
away. An important property is the relation between t
sputtering yield and the total amount of displacements i
cascade where the intersection of the cascade with the ta
surface determines the sputtering yield. The main part of
sputtered ions originates from the top surface layer but th
is also some contribution from several atomic layers be
the surface. The mixing starts when the collision casc
reaches the interface of the marker layer and this being so
leading edge cannot be broader than the extension of
cascade. As seen in Fig. 11,20Ne1 has the broadest leadin
edge followed by40Ar1, 84Kr1, and 136Xe1 in correspon-
dence to the relative extension of the respective cascade
rough estimation gives an extension of>125 Å for the cas-
cade induced by 5.7 keV20Ne1 ions and gradually smalle
values for the heavier ions. These estimates are supporte
simulations discussed in Sec. IV C.

The leading edge is much steeper than the trailing e
where the marker atoms are distributed in the mixing volu
and will be pushed deeper into the sample. Since the slop
higher for the leading edge the effect of surface roughen
and interface abruptness is more pronounced than for
trailing edge, and in Fig. 10, a small broadening of the le
ing edge of the two deeper positioned interfaces is seen
tive to that of the shallow interface. This is attributed to t
development of a small surface roughness and/or a sma
of the crater bottom. The thickness of the GaAs top laye
250 Å, which should be enough to establish steady-state
ditions and a full development of the collision cascade,~4.2
keV 40Ar1! even at the most shallow interface.

C. Relation between profile broadening
and primary ion parameters

High vacancy production~or elastic energy deposition!
per impact ion will increase both the sputtering yield and
cascade mixing since the two processes have the same o
The degree of cascade mixing is, however, expected to h
an upper limit where the material is fully homogenize
Andersen22 has treated the cascade mixing as a random-w
problem and looked at the average number of displacem
~N! before sputtering,N5n(E)/Y, whereY is the sputtering
yield andn(E) the number of displacements within a ca
cade. The total amount of displacements is proportiona
the energyE of the impinging ions assuming linear cascad
where the displacement energy threshold is small relativ
E and cascade multiplication applies;n(E)5bE, whereb is
a constant primarily depending on the target material an
some extent on the ion. Furthermore, Sigmund52 has derived
the following dependence of the sputtering yieldY on the
angle of incidence~u!,

Y~u!5Y~0°!cosu2 f ~3!
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where f '5/3 for not too glancing incidence (u<70°) and
with m'1/3 for mass ratio between target atoms and io
less than 3.

Neglecting the influence of the moving surface and
suming stationary boundary conditions a diffusional proc
will broaden an originald function to a Gaussian distributio
with a variances5(4Dt)1/2, whereD is the diffusion coef-
ficient chosen as a constant andt is the diffusion time. Ac-
cording to the Einstein relation53 the diffusion constant~for
amorphous material! can be expressed as

D5GR2/6, ~4!

where G is a jumping frequency given byG5N/t in our
case.R is a step length chosen as a constant value~being of
the order of a few atomic distances!. Most recoils in the
cascade have penetration lengths<20 Å and therefore, the
assumption of a constantR independent ofE appears reason
able. As a result the broadening can now be written as,

s52R~b/6!1/2Y~0°!21/2E1/2cos5/6u, ~5!

whereb/Y(0°) shows only a small variation for the differen
types of ions and energies used in this study. This being
givess;E1/2cos5/6u a result close to that observed expe
mentally forl in Figs. 8~a! and 8~b!, and the observed wea
mass dependence may be attributed to the factorb/Y(0°).
Here, it should be pointed out that a general least-square
of lmeas/cosu as a function ofE gives an exponent of 0.54
in accordance with the linear relation in Fig. 8. Further, us
inert ions different groups have reported a close proporti
ality betweenl andE1/2cosu where the proportionality con
stant is found to be essentially independent of the
mass,40–42,54,55consistent with Eq.~5! and the data in Fig. 9

Andersen’s model22 gives a rather general outline of th
effect of cascade mixing. The treatment of mixing pheno
ena within the diffusion concept has been further develo
by several authors26–28,56where both moving boundary con
ditions and a variation ofD with depth have been included
For a numerical treatment of profile broadening includi
these effects we have used a diffusional model suggeste
Tuck and co-workers57 as the starting point. This approac
can be considered as a simplified version of theIMPEUS

model,56 valid in the dilute limit and with a minimum num
ber of fitting parameters. In Ref. 57 it was assumed that
number of atomic jumps between adjacent planes, und
short time~dt!, scales with the number of atoms available
jump at the beginning of the time intervaldt. This number
will vary somewhat during the time interval, but the vari
tions are, normally not too large and as a first approximati
a constant value can be assumed. Another approxima
concerns the change in atomic density if more atoms leav
plane than those entering and at some stage a relaxatio
the material will take place. This has, however, been igno
in the calculations which are expected to be most valid i
dilute concentration regime. In all simulations, a distance
2 Å is used for adjacent planes, a value considered only
numerical parameter but of the same order of magnitude
the nearest-neighbor distance in GaAs~2.45 Å!. Further, the
sputtering is treated as an instantaneous step change by
atomic layer each time and the jumping frequency var
with depth in proportion to the energy transferred to the
coils, as obtained fromTRIM calculations. The only fitting
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parameter used is the time of duration of the cascade be
another layer is removed, and in Figs. 12~a! and 12~b!, mea-
sured and simulated profiles are compared for20Ne1, 40Ar1,
and 136Xe1 sputter ions. The agreement is surprisingly go
both as a function of ion energy and ion mass and eve
higher concentrations where some of the approximati
made in the calculations are questionable. Moreover, an
traction of the relative sputtering yields~assuming a constan
b! at 5.7 keV from the simulated curves gives a value
136Xe1 twice that for 40Ar1. The same relation is obtaine
within a few percent from a comparison of the measu
erosion rate per impact ion for136Xe1 and40Ar1 at 5.7 keV,
while such a comparison between20Ne1 and 40Ar1 gives a
difference of less than 20%. A similar comparison for diffe
ent Ar energies,@Fig. 12~b!#, gives a nice agreement betwee
8.2 and 5.7 keV~better than 8%! but a slightly larger differ-
ence is obtained between 3.2 and 5.7 keV~60%!. These re-
sults support the validity of treatingb as a constant, indepen
dent of the ion masses and ion energies employed in
study.

A linear dependence ofl on E1/2cosu has also been de
rived by Zalm and Vriezema36 but using a totally different
concept based on thermal spikes. The collision phase is
glected and the mixing is assumed to take place only in

FIG. 12. Comparison between measurements~data points! and
simulations~full line! for a selected region of the sample structu
in 1~a! (x50.5). ~a! sputtering by20Ne1, 40Ar1, and136Xe1 ions at
an impact energy of 5.7 keV and~b! sputtering by40Ar1 ions at
impact energies of 3.2, 5.7, and 8.2 keV. The original sample st
ture is included as a dotted line.
re

d
at
s
x-

r

d

is

e-
e

subsequent relaxation phase. Zalm and Vriezema36 started
with a semiempirical expression suggested by the Calt
group33 for the broadening in metallic bilayers by high
energy ions~>100 keV!. The validity of some of the ap-
proximations made in Ref. 36 is limited but anyhow th
arrived at a proportionality betweenl and E1/2cosu where
the proportionality constant is also independent of the
mass.

Some authors37–39have tried to scale broadening with th
penetration depth~at normal incidence; the penetration dep
equals the projected range,Rp!. For low ion energies where
the power cross approximation is valid,Rp scales withE2m

and a choice ofm50.25~a rather realistic value as estimate
from the universal screening function51! givesRp;E1/2. To
estimate the penetration depth fromRp , the angular depen
dence is normally taken into account through a cosu rela-
tion, and again, we end up withl;Rp cosu;E1/2cosu.
However, the use ofRp rather thanE1/2 introduces a pro-
nounced ion mass dependence which is not supported by
experimental datalmeas, as shown in Fig. 13. The penetra
tion depths employed in Fig. 13 are estimated fromTRIM

calculations~taken into account the angle of incidence! and
their absolute values are anticipated to be correct within 1
20%

Finally, it should be pointed out that the erosion rate
lower for AlAs than for GaAs@Fig. 3~a!#. Assuming that the
escape depth of sputtered atoms is roughly the same fo
two compounds the main part of the variation in erosion r
with x can be attributed to~i! a difference in surface binding
energy and~ii ! a change in ‘‘surface volume’’ relative to th
whole cascade volume. The latter contribution seems rea
able since for a lighter matrix the cascade is more exten
and the relative ‘‘surface portion’’ of the cascade becom
smaller with less energy deposited in the near surface reg
This also implies more atomic displacements prior to sp
tering of AlAs and consequently a higher degree of mixi
provided that complete saturation is not established. Tak
into account~i! and~ii ! an estimation of the ratio between th
erosion rates for GaAs and AlAs gives 1.6 for 8.2 keV A1

ions where the energy deposition in the nuclear collision

c-

FIG. 13. Measured decay length (lmeas) as a function of pen-
etration depth for20Ne1, 40Ar1, 84Kr1, and136Xe1 sputtering ions.
The penetration depth is estimated by calculations using theTRIM

code.



e
a

th

w
o
th
i-

a

d
g

m
e

er
o
e

ts

cy
osi-

ng
ion

ows
on-

le
pth
vi-
ing
and
re-

put-
ex-
e to

ring

ish
ral

PRB 60 14 309CASCADE MIXING IN Al xGa12xAs/GaAs DURING . . .
obtained fromTRIM. This is in reasonable agreement with th
results in Fig. 3~a! where the variation in erosion rate is
factor of ;1.8 between AlAs and GaAs for 8.2 keV Ar1

ions. On the basis of these results, it is not obvious that
lmeasvalues should be independent ofx, as shown Fig. 5, or
unaffected by the thickness of the marker layer, Fig. 7. Ho
ever, thelmeasvalues are evaluated in a dilute concentrati
limit where the matrix can be regarded as GaAs and
cascade becomes ‘‘fully’’ developed in a ‘‘GaAs-like env
ronment’’ before reaching the position where thelmeasval-
ues are determined.

V. SUMMARY

A systematic study of profile broadening caused by c
cade mixing during SIMS analysis of AlxGa12xAs/GaAs
structures, with atomically sharp interfaces, has been un
taken using noble-gas ions for sputtering. The decay len
lmeasof the ~declining! trailing edges for27Al is found to be
proportional toE1/2cosu with a relative variation of the pro-
portionality constant of less than 15% for ions ranging fro
20Ne1 to 136Xe1. The decay lengths are extracted in th
dilute limit where thex value and the thickness of the mark
layer are immaterial. Further, when steady-state conditi
are established and the collision cascade is fully develop
no depth dependence oflmeasis revealed. A relation of this
type betweenlmeasandE andu is fully consistent with the
diffusion theory for collisional mixing, which even accoun
s

e

-
n
e

s-

er-
th

ns
d,

for the small influence by ion mass if the jumping frequen
is assumed to be proportional to the elastic energy dep
tion.

In direct contrast to that for the trailing edge, the leadi
edge exhibits a pronounced dependence on the primary
mass, where sputtering by20Ne1 ions, being the lightest ion
used and having the most extended collision cascade, sh
the broadest leading edge. Excellent agreement is dem
strated between the measured data for the full profile~includ-
ing leading and trailing edges as well as the peak region! and
simulations using a diffusional treatment of the profi
broadening where the diffusion constant varies with de
and is proportional to the elastic energy deposition. It is e
dent from the simulations that the broadening of the lead
edge is close to the extension of the collision cascade
that substantial mixing takes place within the cascade. Mo
over, both the experiments and the simulations give a s
tering yield that decreases with decreasing ion mass, as
pected because of a higher elastic energy deposition clos
the surface for the heavy ions; e.g., at 5.7 keV the sputte
yield is a factor of;2 higher for136Xe1 compared to40Ar1

ions.
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