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The effect of cascade mixing on profile broadening during secondary-ion mass spectr(@hésyanalysis
has been thoroughly investigated for, 8l _,As/GaAs structures of five different compositiofxs=0.1, 0.3,
0.5, 0.73, or 1and layers with varying thicknessésom one monolayer to 1000)AThe SIMS analyses were
performed using primary sputtering ions #iNe", “°Ar*, 84r*, and 1%xe" with an impact energyE)
ranging from 1.8 to 13.2 keV and an angle of incidence, with respect to the surface érnfram 62° to 35°.
Within the experimental accuracy, the decay length of the trailing edge was found to be proportional to
EY2cosg 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 the 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 &@163-18209)08543-4

[. INTRODUCTION and perhaps the best understood part in the mixing process; a
binary description of the collisional events is found to apply
An issue of major concern for sputter profiling of semi- as long as the density of elastic energy deposition is small.
conductor structures concerns the fundamental processes deaalytical models based on Boltzmann’s linear transport
termining the depth resolution. This is, indeed, of the utmosequation as well as Monte Carlo simulations show good
relevance since today superlattices and quantum-well stru@greement with experimental data for sputtering yields and
tures with atomically sharp interfaces and dopant distribuion penetration deptH&2°~>2and the ballistic collisions oc-
tions can be fabricated. Over the last decades substantial efur typically on a time scafé of 10~ *-10"*?s. It should
forts have been made to improve our understanding of thalso be mentioned that during the collisional phase intersti-
effects of ion bombardment of such structures and soméals and vacancies are created which survive during longer
mechanisms have been identified, e.g., cascade mixihg, times and may facilitate diffusion in later stages.
primary recoil mixing? surface roughening,’ radiation- If the density of energy deposited in elastic collisions be-
enhanced diffusidii’? and segregatiom,! so-called Gibb- comes high enoug=1-10 eV/atom the binary collision
sian  surface  segregatidn®'® and preferential approximation starts to break down and many-body collision
sputtering'®~*® Normally, these mechanisms are active si-must be taken into account. The energy of the impinging ions
multaneously but a carefully designed experiment may ideis divided between a large number of low-energy recoiling
ally isolate the effects of one particular mechanism of intertarget atoms involved in the collision cascade and the energy
est. distribution becomes of Maxwell-Boltzmann type. The con-
In this study we focus on the transport of target atoms bycept of a local temperature and thermal spfi@an be intro-
recoil mixing which can be divided into two contributions: duced and the excess energy associated with the collision
primary and cascade mixing. The first one emerges frontascade is distributed in the target according the classical
direct collisions between the incident ions and target atomdaws of heat conduction. For ion energies typical of sputter
a small number of relatively energetic recoiling atoms will depth profiling (1-10keV)-10*~10* target atoms are set
be preferentially generated in the direction of the incidentin motion by each impinging ion, and the cascade quenches
ions and will contribute to a shift and broadening of a givenin ~10 's after reaching equilibrium with the surrounding
initial profile. However, the influence of primary mixing is lattice.
generally of minor importance. Cascade mixing is in most It is interesting to note that the diffusion transport equa-
cases the major effect, and Guinan and Kirfalescribed tion and the linear Boltzmann transport equation are comple-
the evolution of a cascade by three stages, first an initiamentary forms of the continuity equation, and an attractive
displacement/collision phase, second a relaxation phasgpproach for the modeling of collision-induced transport of
where a large fraction of generated defects recombine spomarget atoms is to adopt the well-known formalism estab-
taneously, and finally, a third phase where the lattice idished within the theory for diffusio”>2® Several experi-
“cooled down” to the ambient temperature applying the mental results reveal substantially larger mixing of target
concept of thermal spikéBoth the initial and the third phase atoms than predicted by models taking only the collisional
involves a relocation of target atoms but the nature of theontribution into accourft’ and this supports the idea that
atomic transport is different. The collisional phase is ballisticthe mass transport occurs predominantly during the cooling
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stage of a cascade. Assuming that the mixing contributionMOVPE @

from binary collisions is negligible, several authtrs3have i c

developed a phenomenological model which exhibits good o ll l l

agreement with experimental data for mixing of metallic bi- ’ 1 I -

layers by ions with energies in excess ofl00 keV. The J_l_m_l_l_m_l_m/ H: 2°_r|_

model is also found to be valid at the ion energies employed — e -

for sputter depth profiling* and the similarity between mix- o am m i

ing at high and low ion energigs=100 and<10 ke\) can nOR i

be attributed to the fractal nature of the collision cascdde.
On the basis of a model by Mafor mixing in the dilute MOVPE ®)

limit of thin markers in a metal matrix, Zalm and Vriezetha A

derived a simple expression for a characteristic scaling factor Atcone. l" Substrate

(decay length with the dimension of length, describing the T . l £01,03,05,0730r1
JUOL = 1L =

Substrate

250 1000 & x=0.8

75
2 monolayers 250 1000 A

profile broadening during sputtering by low-energy ions. A

major modification in Ref. 36 compared to the model by Depth

Ma® concerns the effect of the eroding surface and only

those ions are considered where the surface has come intMBE ©
the vicinity of the marker. The decay lengths predicted to Ay

be proportional to the square root of the incident ion energy acne. 1 c l

(E) multiplied by the cosine of the angle of incident® l r - l Abeased

(with respect to the surface normathere the proportional- | Z"_T —|_ i

ity constant is independent of the projectile mass. This is in “pen -

direct contrast to relations proposed by other authors assum- o

ing that\ scales with the ion penetration deﬁfﬁ?g How- FIG. 1. Schematic diagrams of the sample structures used for

ever, the type of relation suggested by Zalm and Vriezem&"aysisi(@ and (b) are grown by MOVPE anéc) by MBE.

has been supported by several recent experintéritsal- clearly resolved. This holds also for the sample with a peri-
though the predicted independence of the projectile mass hagjicity of two monolayers where the signal intensity from
not been addr'essS(Zj in detail. A similar scaling of the profil§pg first pair of satellites was below the background level. In
broadening withE™“cosd, but including a dependence on e 1o facilitate the x-ray measurements an additional pack-
the primary ion mass, has been derived by Andéfsesing age of 20 identical AlGa, ,As/GaAs periods were in-

a different starting point where the cascade mixing is treategmded’ as indicated by Figs(d and ¥c). Homogeneous

in a diffusional manner based on collision theory. layers of AlGa, ,As (x=0.1, 0.3, 0.5, 0.73, or)lwith a

In this work a systematic secpndar_y—ion mass spectroMg,iciness of~2 »m were used for studying the depen-
etry (SIMS) study of cascade mixing in superlattice struc- dence of the?’Al* secondary-ion intensity and the erosion

tures of ALGa, _As/GaAs has been performed using noble- a6 A cap surface layer of GaAs was grown on the AlAs
gas ions for sputtering. The effects on profile broadening by,ympjes to prevent oxidation of Al. Furthermore, a photolu-

ion mass, impact ion energy, angle of incidence, quantumainescence study of the interface quality indicates an abrupt-
well thicknessx value (Al conten), and sample depth have a5 of the interfaces of less than 3 ML.

b_een _ml\(/jest]g?]ated. Thle varlat|o_ns(;n erosion r?te arr:d _|0fr|1|za- The SIMS analyses were performed in a Cameca ifns 4
tion yield with x are also examined. In particular, the influ- instrument. Primary sputtering ions 8iNe*, “°Ar*, 84r+,

ence of projectile mass on cascade mixing is studied in deta nd 13%e* were employed with an impact energy ranging

and a close proportionality between the decay length of thfﬁ 1.8 t0 13.2 keV where th | ltages K d
trailing edge andE*?cosé is obtained. The proportionality I;h:m S 10 79,2 KEY WHEIE e sample ¥o V) an

- ! the plasma energy in the ion soun@?2 keV) are taken into
constant displays only a weak dependence on ion mass whi count. The primary ion energy and the angle of incidence,
the opposite holds for the leading edge. In the latter case thE

D
Substrate

; . i . g cannot be varied independently in the imisebnfiguration
extension of the collision cascade is found to play a crucial 4 on increase of the energy from 1.8 to 13.2 keV results in
role and the experimental data are compared with simulay jecrease of from 62° to 35° with respect to the surface
tions using a diffusional model where the diffusivity is as-

dtob onal he elasti d > normal. When estimating, correction has been made for the
sumed to be proportional to the elastic energy deposition. .p,nqe in angle with respect to the optical axis caused by the

deflection plates for beam positionifiy The primary ion
Il. EXPERIMENTAL DETAILS beam was rastered over an area of 2280um? and sec-
ondary ions of?’Al" were collected from the central part of
Al,Ga _,As/GaAs(x=0.1, 0.3, 0.5, 0.73, or)Isuperlat-  this areaanalyzing diameter-8 um). The dynamical range
tice structures with different layer thickness were preparedvas more than three decades for all thevalues. During
by metal-organic vapor phase epitaXMIOVPE) and by profiling the stability of the primary ion current was better
molecular-beam epitaxyMBE). In Figs. ¥a-1(c) sche- than+3% and the erosion rate was in the range 0.5-3 A/s.
matic diagrams of the sample structures are shown. Th8eries of measurements of the crater depth as a function of
thickness of the individual layers and the Al concentrationsputter time have been used to extract the erosion rates. Cra-
were determined by high-resolution x-ray diffraction using ater depths were determined by an Alphastep-200 surface sty-
four-crystal monochromator, except for the samples with lus profilometer. The pressure in the sample chamber was
=0.1 where the GaAs and MGa, As peaks could not be <4x10 °Torr during analysis.
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FIG. 2. SIMS measurements of the Al concentration versus [ (b) |
depth obtained from a fLGa, sAs/GaAs structure usinffAr* ions = [ “
at an impact energy of 1.8 keVWE62°). Decay lengths are ex- 40} ®
tracted from the trailing edges marked with | and II. ; * 1.8 keV ALt )/
) 22 oy
ll. RESULTS 230+ 32 J/
) . . = [ ® 42 /
A typical depth profile of Al obtained from a 2 [ v 57 !
Al, Ga, As/GaAs structure during sputtering B3Ar* ions 520? A 82 ;
using an impact energy of 1.8 keVW€ 62°) is shown in Fig. £ 7
2. The original scale for the sputtering time is converted into 1o (% <
depth using not only the total crater depth but also taking =
into account the dependence of the erosion rate on the Al I .
content. In Fig. 8) the relative erosion rate is depicted as a 0 o 02 04 06 08 1
function of x for six different impact energies dfAr* ions x-values

ranging from 1.8 to 8.2 keV, and the values are normalized ] ] o
with respect to the rate in GaAs. Asincreases the decrease _ FIG- 3. Erosion ratéa) and ratio between secondary-ion inten-
in the erosion rate witlx becomes stronger and at 8.2 key Sity and erosion raté) as a function of Al concentratiofx values
there is a difference of almost a factor of 2 between AlAs/OF Al 1ons atimpact energies of 1.8, 2.2, 3.2, 4.2, 5.7, and 8.2
and GaAs. For each energy, a linear approximation is madﬁev'

in Fig. 3(@ and an analogous treatment is also made for

20Net, 84Kr*, and13%e" ions; these relations are then em- AlosGaysAs/GaAs structures profiled b§°Ar* sputtering
ployed in the conversion of sputtering time to depth for theions. In the intensity interval used for extraction\gfeasthe
measured prof”es_ Moreover, the so-obtained depth scale @dltlon of ion-induced and intrinsic SlOpeS can be written as
compared with x-ray data and the two sets of values for the

period of the structures agree within 3%. Figuré)3dis- AR=ND
plays the ratio between the secondary-ion intensity’af *

and the erosion rate as a functionxfnd irrespective of ion

meas A ir:1tr (2)

) ; SR . 80
energy the increase in the ionization withshow a pro- 404+ jons
nounced diviation from a linear relation. qoL X705
From the measured profiles, exemplified by Fig. 2, the
exponential decay length,¢,50f the trailing edges of the Al =
X . . > 60
profiles has been evaluated according to the relation > F
E L
- 50-
21— 2, <
ANmeas™ e (1) Vg Slope: 1.02
In j 240f R=0.9994
I, <
1
30f
wherel is the secondary-ion intensity 8fAl ", z; andz, are
the depths corresponding tp andl,_, respectively. A least- By | B T
. : 20 30 40 50 60 70 80

squares fit of the experimental data by an exponential rela- % (), MBE

tion was typically performed between 10% and 0.1% of the meas 7

maximum intensity. Within the experimental accuracy the FiG. 4. Comparison between measured decay lengths.l
values Of \ 55 Obtained from MOVPE and MBE grown obtained from MOVPE and MBE grown samples witk 0.5 using
samples are identical, as illustrated in Fig. 4 for“°Ar" ions. Error bars indicate a relative accuracy-d§%.
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FIG. 5. Decay lengthNhead Versus Al concentratiofx values FIG. 7. ?’Al* signal as a function of depth for the trailing edges
for the sample structure described itbllobtained with 1.8, 2.2, after passing AJ:Ga, sAs layers of various thicknessésiono, 75,
3.2, and 5.7 ke\*°Ar* ions. 150, 250, and 1000 Yusing the sample structure irtal. Analysis

was performed with®Ar* ions at an impact energy of 8.2 keV. The
with n~44 For the structures used in this study,,  depth scales have been displaced in order to facilitate a comparison.
~2 A, which corresponds to an interfacial abruptness-8f
ML, and the approximation ;= \ neasiS Valid within a high
degree of accuracy.

In Fig. 5\ easiS depicted versus for four different en-
ergies of*°Ar* ions during analysis of the sample structure
described in Fig. (b). No dependence oxis revealed and
this holds for all the noble-gas ions used. Moreover, except 100
for the most oblique angle of incidendéowest energy [ (a)
where tilted crater bottoms cause a degradation in the depth
resolution, no dependence of the extrackgg,svalues on
sample depth and layer thickness is observed. This is shown -
in Figs. 6 and 7 forx=0.5 and“°Ar* ions, and similar re- °<w
sults hold for all the combinations of ions, energies, and g
sample structures employed in this study. £

The average value of . s€xtracted at interfaces | and Il 40|
[Fig. (@] is displayed in Fig. &) as a function oE?cosé
for “°Ar" ions, and a linear relation is found to hold with a
high correlation coefficient. Fig.(B) shows the results for all 20

the noble-gas ions used, and a small but significant decrease
of the linear slope with increasing ion mass is revealed. The
absolute values of the slope are depicted versus the ion mass
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FIG. 6. 27Al* signal as a function of depth for the trailing edges E"2cos0 (V")

at the interfaces 1, 6, 11, 16, and 21 in the sample structure given in

1(b) and withx=0.5. Analysis was performed witfAr ™ ions at an FIG. 8. Decay length N3 Of the trailing edge at the inter-

impact energy of 5.7 keV. The depth scales for the interfaces 6, 1faces | and Il in 1a) versusE*%cosé for (a) “°Ar™ and(b) *°Ne",

16, and 21 have been displaced in order to facilitate a comparisoffAr*, 8Kr*, and *%Xe™ sputtering ions. Error bars indicate a

with interface 1. relative accuracy of-5%.
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FIG. 9. Absolute values of the slopes betwekp.,s and
EY2cos6, extracted from the data in(l®, versus ion mass. Error
bars indicate a relative accuracy ©f3%.

FIG. 11. 7Al* signal in a small depth interval of the sample
structures in (&), using?’Ne*, “°Ar*, #Kr*, and*®Xe* sputter-
ing ions at an impact energy of 5.7 keV.

in Fig. 9 and a relative difference ef15% is found between of ions in matter COdéTRIM, Version—g())_46 The relocation
*Ne" and **e" ions. caused by direct projectile-target collision contributes with a
In contrast to that for the trailing edge, the leading edge isninor part to the total number of displacements varying
not truly exponential but more Gaussian in shape, which isoughly from 10% for the highest energies used in this study
illustrated in Fig. 10 showing thé’Al" signal from three to ~30% for 1.8 keV2Ne" ions. The first collisions in a
GaAs/Al sGa sAs interfaces located at different depths. A cascade are anisotropic and can produce both a shift and a
broadening with increasing depth is observed and this effeddroadening of a given initial profile; a few target atoms will
is also found to exhibit a pronounced mass dependence, Figeceive large momenta in the forward direction, which also
11. The dynamic range of tHéAl ™ signal decreases by al- have been reported as tails in high-energy ion beam mixing
most a factor of 4 forNe" relative to that for'**Xe”, and  studies?’*®but these direct knock-on recoils are rare events.
applying an exponential approximatioNeaging edgé” ' N€*)  The low-energy fraction of the cascade may, however, be
~2Njeading edgh - Xe") at 5.7 keV. regarded as isotropic mainly causing broadening of the origi-
nal profiles. The initial energy distribution of recoiling atoms
in a cascade is strongly weighted towards low energies and a
major part is close to the displacement energy threshold
(Eq). Assuming that nuclear stopping dominates, Signitind
The relative influence of direct projectiidle, Ar, Kr, Xe)  has shown that the recoil density, scales & WhereT is
-target collision(recoil implantation and target-target atom the energy of the recoiling atoms. This scaling predicts that
collision (cascade mixingon profile broadening can be es- in the energy range studied less than 3% of the recoiling
timated through Monte Carlo simulations using the transporaitoms will receive energies above 500 eV. Furthermore, the
projected range in GaAs for 500 eV ions ranging from

IV. DISCUSSION

A. Some basic considerations

105 136xe™ to ?°Ne' varies only between 16-19 A indicating
F 42 keV Art that most atomic motion will be short and on the order of a
r x=0.5 few atomic distances. This short range of penetration for the
P 108 major part of displaced atoms in combination with that
% target-target atom collisions dominate suggest that the total
E 1031 amount of deposited energy determines the degree of mixing
= rather than the projected range of the primary ions. On the
-‘g i other hand, the projected range of the primary ions reflects
£ 107 ; where the energy is deposited. The contribution of electronic
+ ; 3 energy losses to the total stopping is typically less than 10%
.f 101; - var ® Depth scale as measured in the energy range studied. For simplicity, this small contri-
m eln A v 5600 A butl_on fr_om th_e electronic stopping is negle_cted_ in th_e fol-
[a aM v.o"o" 87004 lowing discussion and the power-law approximation, with an
10050 0 s 200 250 300 350 400 exponentm~0.19-0.25, is found to apply for the elastic
Depth (&) collisions, according to the so-called universal stopping

power in the energy range of interé3f!

FIG. 10.?’Al* signal as a function of depth for the leading edge
at three GaAs/AlsGa sAs interfaces located at different depths
[sample structure given in(d)]. 4.2 keV*°Ar* ions were used for
profiling. The depth scale for the two deep interfaces have been A marker profile starts to be affected by the sputtering
displaced in order to facilitate a comparison. ions first when the collision cascade reaches the profile and

B. Extension of the collision cascade
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will undergo continuous redistribution until it is fully sput- where f~5/3 for not too glancing incidenced&70°) and

tered away. If a marker is situated at a depth larger than theith m~1/3 for mass ratio between target atoms and ions

extension of the cascade a dynamical equilibrium is reachelgss than 3.

and no degradation with depth should be obtained, as shown Neglecting the influence of the moving surface and as-

in Fig. 6 for five identical structures located at different suming stationary boundary conditions a diffusional process

depths. will broaden an originals function to a Gaussian distribution
The amount of broadening of a profile is related to thewith a variances= (4Dt)*? whereD is the diffusion coef-

distance of relocation of the recoiling atoms and the totaficient chosen as a constant ani the diffusion time. Ac-

number of displacements before the marker is sputteredording to the Einstein relatidfthe diffusion constantfor

away. An important property is the relation between theamorphous materipcan be expressed as

sputtering yield and the total amount of displacements in a )

cascade where the intersection of the cascade with the target D=I'R“/6, 4

surface determines the sputtering yield. The main part of thgyhere T is a jumping frequency given by =N/t in our

sputtered ions originates from the top surface layer but thergase R is a step length chosen as a constant véieing of

is also some contribution from several atomic layers belowne order of a few atomic distandedMost recoils in the

the surface. The mixing starts when the collision cascad@ascade have penetration lengte0 A and therefore, the

reaches the interface of the marker layer and this being so thegssumption of a constaRtindependent oE appears reason-

leading edge cannot be broader than the extension of thgnle. As a result the broadening can now be written as,
cascade. As seen in Fig. 1¥Ne* has the broadest leading

edge followed by*®Ar*, 8Kr*, and%%e" in correspon- o=2R(b/6)Y2Y(0°) " Y2EY2c0s’® 0, (5

dence to the relative extension of the respective Cascades'\ﬁhereb/Y(m) shows only a small variation for the different

rough estimation gives an extension=125 A for the cas- 105 of jons and energies used in this study. This being so
cade induced by 5.7 ke¥°Ne" ions and gradually smaller ives o~ EY2cog’® ¢ a result close to that observed experi-

values for the heavier ions. These estimates are supported entally for\ in Figs. 8a) and 8b), and the observed weak

simur:atilons _discussed_ in Se(;]' IVC. h h i mass dependence may be attributed to the faut®(0°).
The leading edge is muc steeper than the trailing Ezdgﬁlere, it should be pointed out that a general least-squares fit
where the marker atoms are distributed in the mixing volumebf X mead COSO as a function of gives an exponent of 0.54

H H H mea " 1
and will be pushed deeper into the sample. Since the slope g accordance with the linear relation in Fig. 8. Further, using

highe_r for the leading edgg the effect of surface rougheningnert ions different groups have reported a close proportion-
and interface abruptness is more pronounced than for th&lity between\ andEY2cosé where the proportionality con-
trailing edge, and in Fig. 10, a small broadening of the lead

stant is found to be essentially independent of the ion

ing edge of the two deeper positioned interfaces is seen reI%ass4°‘42'54'5500nsistent with Eq(5) and the data in Fig. 9.

tive to that of the shallow interface. This is attributed to the Andersen’s modé? gives a rather general outline of the

development of a small surface roughness and/or a small Figffect of cascade mixing. The treatment of mixing phenom-

of the crat_er bottom. The thickness of thg GaAs top layer 'Sha within the diffusion concept has been further developed
250 A, which should be enough to establish steady-state corE)—y several authof&28%where both moving boundary con-

ditions and a full development of the collision cascade? ditions and a variation oD with depth have been included.

keV “°Ar) even at the most shallow interface. For a numerical treatment of profile broadening including
these effects we have used a diffusional model suggested by
C. Relation between profile broadening Tuck and co-worker as the starting point. This approach
and primary ion parameters can be considered as a simplified version of thieeus
High vacancy productiorfor elastic energy depositipn model®® valid in the dilute limit and with a minimum num-
ber of fitting parameters. In Ref. 57 it was assumed that the

per impact ion will increase both the sputtering yield and thenumber of atomic jumps between adjacent planes, under a

cascade mixing since the t_w_o Processes have the same ON9U) ort time(dt), scales with the number of atoms available to
The degree of cascade mixing is, however, expected to have

an upper limit where the material is fully homogenized Jtimp at the beginning of the time intervelt. This number
Ande?é)eﬁz has treated the cascade mixin )z;s a ran%om—wa]wm vary somewhat during the time interval, but the varia-
9 ons are, normally not too large and as a first approximation,

problem and looked at the average number of d|splacemenEs constant value can be assumed. Another approximation

(N)lgefo(rje SEUttti”ngN =k;1(E)/de.wr|1ereY IS tthe ;{)hqtterlng concerns the change in atomic density if more atoms leave a
yield andn(E) the number of displacements within a cas- lane than those entering and at some stage a relaxation of

cade. The total amount c.’f d!splacemen_ts IS proportional t he material will take place. This has, however, been ignored
the energyE of the impinging ions assuming linear cascades

. - ; in th Iculations which are ex most valid in
where the displacement energy threshold is small relative t the calculations ch are expected to be most valid in a

TS . . Bilute concentration regime. In all simulations, a distance of
E and cascade myIUlecatloq appligE) =bE, Wher?b IS 2 Ais used for adjacent planes, a value considered only as a
a constant primarily depending on the target material and t

Qumerical parameter but of the same order of magnitude as
some extent on the ion. Furthermore, Sigmiriths derived P g

. . ; the nearest-neighbor distance in Ga®&«45 A). Further, the
the foIIovylng dependence of the sputtering yiéidon the sputtering is treated as an instantaneous step change by one
angle of incidence?),

atomic layer each time and the jumping frequency varies
with depth in proportion to the energy transferred to the re-
Y(8)=Y(0°)cod~ " 3 coils, as obtained fronTRIM calculations. The only fitting
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102-( ) 8.2 keV. : : Ar FIG. 13. Measured decay length {..) as a function of pen-
3 ; ' etration depth fofNe™, “°Ar*, 8Kr*, and'®®Xe* sputtering ions.
) 101l 5.7 keV The penetration depth is estimated by calculations usingriine
5 7 N 7 \ code.
-"E 100L 32 keV.\/
z / / ) subsequent relaxation phase. Zalm and VrieZ8mstarted
w . . .. .
§ 101 with a semiempirical expression suggested by the Caltech
E group® for the broadening in metallic bilayers by high-
=102l energy ipns(>100 kg\b. The va_lidij[y _of some of the ap-
o proximations made in Ref. 36 is limited but anyhow they
10 arrived at a proportionality between and EY2cos# where
TS T T the proportionality constant is also independent of the ion
0 200 400 600 800 1000 1200 1400 mass.

Depth (A) Some author§~3°have tried to scale broadening with the

FIG. 12. Comparison between measuremédsga points and penetration dept(at normal incidence; t.he penetr.ation depth
simulations(full line) for a selected region of the sample structure €9UalS the projected rang®,). For low ion energies Wgere
in 1(a) (x=0.5). (a) sputtering by°Ne*, “°Ar*, and'3®Xe" ions at the power cross approximation is vgllp scales wnhE m
an impact energy of 5.7 keV an) sputtering by’°Ar* ions at and a choice ofn=0.25(a rather realistic value as estimated
impact energies of 3.2, 5.7, and 8.2 keV. The original sample strucfrom the universal screening functith gives R,~E"2 To
ture is included as a dotted line. estimate the penetration depth frdRy, the angular depen-

dence is normally taken into account through a éao®la-

parameter used is the time of duration of the cascade befotén, and again, we end up with~R, cosf~EY2cosé.
another layer is removed, and in Figs(d2and 12b), mea- However, the use oR, rather thanEY2 introduces a pro-
sured and simulated profiles are comparecPfdle”, “°Ar*,  nounced ion mass dependence which is not supported by the
and 13®Xe* sputter ions. The agreement is surprisingly goodexperimental data ness @s shown in Fig. 13. The penetra-
both as a function of ion energy and ion mass and even dion depths employed in Fig. 13 are estimated frorwm
higher concentrations where some of the approximationsalculations(taken into account the angle of incideh@ad
made in the calculations are questionable. Moreover, an exheir absolute values are anticipated to be correct within 15—
traction of the relative sputtering yieldassuming a constant 20%
b) at 5.7 keV from the simulated curves gives a value for Finally, it should be pointed out that the erosion rate is
136xe™ twice that for*°Ar™. The same relation is obtained lower for AlAs than for GaAgFig. 3(@)]. Assuming that the
within a few percent from a comparison of the measuredescape depth of sputtered atoms is roughly the same for the
erosion rate per impact ion fdfXe* and“°Ar* at 5.7 keV,  two compounds the main part of the variation in erosion rate
while such a comparison betweéNe' and “°Ar* gives a  with x can be attributed té) a difference in surface binding
difference of less than 20%. A similar comparison for differ- energy andii) a change in “surface volume” relative to the
ent Ar energieq,Fig. 12b)], gives a nice agreement between whole cascade volume. The latter contribution seems reason-
8.2 and 5.7 ke\better than 8%but a slightly larger differ- able since for a lighter matrix the cascade is more extended
ence is obtained between 3.2 and 5.7 K€J%). These re- and the relative “surface portion” of the cascade becomes
sults support the validity of treatingas a constant, indepen- smaller with less energy deposited in the near surface region.
dent of the ion masses and ion energies employed in thighis also implies more atomic displacements prior to sput-
study. tering of AlAs and consequently a higher degree of mixing

A linear dependence of on EY2cosé has also been de- provided that complete saturation is not established. Taking
rived by Zalm and Vriezenta but using a totally different into accounti) and(ii) an estimation of the ratio between the
concept based on thermal spikes. The collision phase is nerosion rates for GaAs and AlAs gives 1.6 for 8.2 keV"Ar
glected and the mixing is assumed to take place only in théons where the energy deposition in the nuclear collisions is
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obtained fronTRIM. This is in reasonable agreement with the for the small influence by ion mass if the jumping frequency
results in Fig. 8a) where the variation in erosion rate is a is assumed to be proportional to the elastic energy deposi-
factor of ~1.8 between AlAs and GaAs for 8.2 keV Ar tion.
ions. On the basis of these results, it is not obvious that the In direct contrast to that for the trailing edge, the leading
M measValues should be independentygfas shown Fig. 5, or edge exhibits a pronounced dependence on the primary ion
unaffected by the thickness of the marker layer, Fig. 7. How:mass, where sputtering ByNe" ions, being the lightest ion
ever, thex ,.asvalues are evaluated in a dilute concentrationused and having the most extended collision cascade, shows
limit where the matrix can be regarded as GaAs and théhe broadest leading edge. Excellent agreement is demon-
cascade becomes “fully” developed in a “GaAs-like envi- strated between the measured data for the full prafildud-
ronment” before reaching the position where thg.,sval-  ing leading and trailing edges as well as the peak rggiod
ues are determined. simulations using a diffusional treatment of the profile
broadening where the diffusion constant varies with depth
and is proportional to the elastic energy deposition. It is evi-
dent from the simulations that the broadening of the leading
A systematic study of profile broadening caused by casédge is closg to t_h_e extension of th_e _collision cascade and
cade mixing during SIMS analysis of Aba _,As/GaAs that substantial mixing takes place W|th|n thg casche. More-
structures, with atomically sharp interfaces, has been undefVer, Poth the experiments and the simulations give a sput-
taken using noble-gas ions for sputtering. The decay lengtff"ing yield that decreases with decreasing ion mass, as ex-
N measOf the (declining trailing edges foP7Al is found to be pected because of a hlgher elastic energy deposition clos_e to
proportional toEY2cosé with a relative variation of the pro- the surface for the heavy ions; g, at 5.7 keV the sputtering
portionality constant of less than 15% for ions ranging fromYi€ld is a factor of~2 higher for °Xe" compared td*%Ar
2Ne™ to 1%%e*. The decay lengths are extracted in the'9NS:
dilute limit where thex value and the thickness of the marker
layer are immaterial. Further, when steady-state conditions
are established and the collision cascade is fully developed,
no depth dependence df,.,siS revealed. A relation of this Financial support was partly received from the Swedish
type between\ ,.,sand E and @ is fully consistent with the Board of Technical Development and the Swedish Natural
diffusion theory for collisional mixing, which even accounts Science Research Council.
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