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Abstract

Low energy ion bombardment can induce compositional changes in the surfaces of
compound materials. A fundamental problem is to determine which of the two main
mechanisms caused the compositional change, viz. preferential sputtering or
bombardment-induced segregation. This paper describes a method, using Auger
electron spectroscopy (AES) taken at different angles, to determine the real (top)
surface concentrations for an InP (100) surface after 5 keV Ar" bombardment at
varying impact angles. This bombardment results in an altered near-surface layer.
This altered surface layer is amorphised and has a non-stoichiometric surface
composition. AES intensity measures the average concentration over the information
depth. In this paper, two deconvolution models were used to determine concentration
vs depth distributions from the AES intensities. These two models were then used to
calculate a surface concentration for each case. Using a deconvolution model in which
chemical effects and segregation dominate, the calculated surface concentration was
larger than 1, indicating an unphysical surface concentration. Applying a ballistic
deconvolution model in the quantification equation, the surface concentration values
determined, agree within 5% to the values obtained from TRIDYN simulations. From
this follows that argon ion bombardment-induced compositional changes in InP are
mainly due to preferential sputtering and ion beam mixing and (to a lesser extent)
bombardment-induced diffusion.

Keywords: InP, Auger electron spectroscopy, ion bombardment, surface
composition, deconvolution



1. Introduction

Low energy (100 eV — 20 keV) ion bombardment of solids has several applications in
industry and in research. There are several different sputter deposition systems to
make different types of coatings on substrates for a variety of applications. The drive
to smaller devices has led the electronics industry to use low energy ion implantation
to dope the semiconductor substrates [1]. Device characterisation is routinely used
during prototyping and production. Of the characterisation techniques, surface
analysis is used to study, for example, the effect of cleaning procedures on the surface
composition and morphology. In many of the techniques, ion beams are used as the
probing/analyzing tool, e.g. SIMS, ISS, etc. In other techniques, argon ion
bombardment is ubiquitously used to sputter clean the surfaces or to sputter etch the
samples to perform depth profiling [2].

lon bombardment of compound substrates may lead to compositional changes in
bombardment-induced modified region. For most of the abovementioned applications
and for many other ion beam applications, such compositional changes can have
negative consequences. Consequently, understanding the mechanism(s) leading to
these changes can help design bombardment conditions or analysis methods
minimizing this deleterious effect. A particular example illustrating this point is in
quantitative Auger electron spectroscopy (AES) or X-ray photoelectron spectroscopy
(XPS) using matrix correction factors [3]. In this methodology a sputter correction
factor can be introduced to correct the bombardment-induced surface compositional
changes [4].

Although there are slightly different definitions (see e.g. [5]) the term preferential
sputtering is used when the mechanism for such compositional changes arise from
ballistic collisions between the bombarding ion and the substrate atoms [6-9].
However, ion bombardment can result in substantial thermodynamic processes which
can also lead to compositional changes. These radiation enhanced diffusion (RED),
radiation-induced (Gibbsian) segregation (RIS), as well as recoil mixing phenomena,
can be interrelated and complementary with the ballistic effects [7]. In line with the
above argumentation, this paper describes a method by which it is possible to
determine which mechanism is causing bombardment-induced surface compositional
changes in a particular substrate using AES (or XPS) measurements taken at different
angles, i.e. angle resolved AES (XPS).

It is generally accepted that the two main mechanisms that cause
bombardment-induced compositional changes in semiconductor surfaces are
preferential sputtering and radiation-induced segregation. Several studies have shown
that the noble gas ion bombardment-induced compositional changes in GaAs are
primarily due to radiation-induced segregation [10 - 13]. On the other hand, for InP it
has been speculated that preferential sputtering, primarily dependent on the large mass
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difference between the In and P components, is the dominant mechanism operating
during ion bombardment that leads to a modified surface layer [12, 14-19]. However,
there have been a few studies [20-22] suggesting that radiation-induced segregation
plays an important role in the bombardment surface compositional changes in InP.

To ascertain which mechanism (preferential sputtering or radiation-induced
segregation) dominates in a particular substrate species, extensive measurements are
needed of samples bombarded at a whole range of temperatures. In the absence of
such temperature measurements, the distributions of the substrate atomic species
below the bombarded surface need to be determined. Usually, segregation effects
cause an enrichment of a certain atomic species on the top surface with a depletion of
the same species below the first monolayer and extending over several monolayers
and a gradual increase of that species at greater depths to that of the bulk value — for a
schematic profile see [23]. The sputter ejection of substrate atoms occurs
predominantly from the top-most layer [24]. For this reason preferential sputtering
will cause an exponential decay depth profile, ending in the bulk value, of the species
with the lowest preferential sputter yield. Apart from sputtering, the incident ions also
cause ion beam mixing of the substrate atoms over the range of the ion path as well as
the creation of point defects such as vacancies and interstitials in the substrate. The
latter can lead to enhanced diffusion of some of the substrate species. Therefore, a
dominant preferential sputtering mechanism does not exclude an atomic depth profile
extending deeper than the range of the bombarding ions. From the above discussion it
follows that for room temperature ion bombardment, the depth distribution of the
different atom species near the surface may indicate which mechanism(s) is/are
operating during noble gas ion bombardment.

Compositional changes in InP surfaces, due to argon bombardment, have been studied
extensively (e.g. see references in [7]. In this study the changes in the instantaneous
surface composition of InP measured with Auger electron spectroscopy (AES) after
bombardment with argon ions at different angles of incidence are presented. It is,
however, known that the analysis depth of AES extends over several monolayers
resulting in an average composition. This makes comparison with other analysis
techniques with different analysis depths extremely difficult. Furthermore, the
analysis depth of AES strongly depends on the geometrical setup, i.e. the orientation
of the sample with respect to the analyser and the excitation electron beam. In
different Auger systems, different average compositions will therefore be measured,
again complicating comparisons between measurements. The negative aspects, such
as varying analysis depths when varying the orientation of the sample with respect to
the incident ion beam (and subsequently also with respect to the analyser) can be
turned into positive use by applying principles analogous to angle resolved XPS
(X-ray photoelectron spectroscopy). By deconvoluting the AES signal, the different
sampling depths can yield information on the distributions of the different substrate
atomic species as a function of depth below the (sputtered) surface. This is done in the
current paper by taking two scenarios into account. Firstly a mechanism where

3



chemical effects like radiation-induced and/or Gibbsian segregation and diffusion, are
dominant. Secondly, we consider a mainly ballistic mechanism (i.e. preferential
sputtering and atomic mixing with some atomic diffusion) being the cause of atom
redistribution in the near-surface layer of the target.

2. Experimental

An InP (100) S-doped wafer was cleaved to provide analytical samples. The samples
were degreased by rinsing in trichloroethylene. The samples were then clamped to
stainless-steel sample holders, with angles of between 20° and 90° with respect to the
horizontal axis of the vacuum chamber, and the cylindrical mirror analyser (CMA)
axis.

The InP samples were sputtered with argon ions of 5~keV energy, using a Physical
Electronics Model 04-191 ion gun, mounted on the vacuum chamber at 19° to the
vertical axis of the vacuum chamber. The experimental setup has been shown in
previous papers [14], [18], [25]. The ion beam current was 2 to 2.5 pA, giving a
current density of approximately 0.2 A cm?. The electron beam was mounted
coaxially with the CMA axis, which is horizontal with respect to the sample. The base
pressure of operation was less than 2 x 10 Torr, while the chamber was backfilled to
a pressure of 5 x 10° Torr with the argon gas during ion sputtering. The ion beam
current was measured using a Faraday-cup, and the energy of the ion beam was 5 keV.
The samples were sputtered with a suitably high fluence (5 x 10 Ar* cm™) to ensure
steady-state sputtering.

After reaching the steady-state, AES measurements were made using a Physical
Electronics 545 Auger spectrometer equipped with a Model~110A cylindrical mirror
analyser (CMA). The phosphorus LinM2sMz3 (123 eV) and indium  MvNassNss (405
eV) Auger peak intensities were digitally recorded using a PC137 interface. The
intensity ratio lin / Ip was measured from the differentiated spectra which were
obtained using a 5 point Savitzky-Golay differential filter [26].

Quantification of the sputtered surface compositions needs an internal standard
surface, i.e. the intensity ratio of unsputtered phosphorus and indium peaks 1in®/ 1¢°.
To produce such a standard surface, some InP samples were cleaved in vacuo to
produce InP(110) surfaces. The InP(110) surface was assumed to provide
stoichiometric InP with very nearly the same matrix as that of the sputtered surfaces.

The results for the (non-deconvoluted) intensity ratio Iin/ Ip at the different angles
were very similar as those reported in [18], which were obtained using basically the
same Auger electron spectrometer but with a lock-in amplifier. The latter gave directly
the differentiated spectrum.



3. AES measurements

The quantitative composition within the analysis depth was determined by comparing
the Auger peak signals with those from the stoichiometric (110) InP surface. These
measurements were obtained after steady state sputtering at a fluence of 5 x 10'°
ions.cm, with an argon ion energy of 5 keV. The same steady state ratio of In to P
Auger peaks was already obtained at much lower fluence, i.e. typically after an
fluence of 1 x 10% ions.cm™,

The majority of the sputtering and AES measurements were done on the (100) surface.
However, measurements were also performed on vacuum-cleaved (110) surfaces.
These surfaces were primarily used for the quantification (acting as a standard surface,
i.e. a surface with known composition and with a similar matrix). The AES
measurements on the (110) surfaces after sputtering gave within experimental error
the same sputtered surface composition as similar measurements on the (100) surfaces;
this is due to the amorphisation of the near-surface of the InP crystal.

All the samples developed surface roughness or topography because of the ion
bombardment. The extent of the roughness depended on the ion fluence [27], the
angle of incidence of the ions [28], ion energy [29] and ion species. Although the
roughness increased with fluence, no fluence effect on the resulting surface
composition was observed in this study for fluences between 5 x 10% < ¢ < 1 x 10Y
ions.cm. The topography development was maximized for angles of incidence near
40°. A comparison with the angular dependence of the surface composition and the
fluence dependence indicates that topography development (albeit severe) did not
play any role in the equilibrium sputtered composition. A similar observation was also
reported in [18].

4. Analysis of the AES measurements

4.1 Depth deconvolution of AES measurements

Owing to the geometry used in the experimental setup, the measured Auger intensities
at each different angle of incidence of the ions was also at a different angle of electron
incidence and effective acceptance angle of detection in the CMA. Hence, the
analysis depth will differ for each angle - a major disadvantage for a direct
comparison of the measured intensities. The measured intensities can be deconvoluted
to provide us with an estimate of the real surface concentration, by correcting for the
difference in sampling depth. The effective attenuation length of Auger electrons A
for each element i is given by

Ai= A% cos ¢ (1)



where the attenuation length A at normal incidence is corrected for elastic scattering
shortening of the Auger electron [30], and ¢ is the angle of emission of the detected
Auger electron with respect to the sample normal. For a CMA, a mean cosine of the
angle of emission can be defined [31], depending on the sample-analyser axis
geometry. The measured Auger intensity of component i is then given by
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where ri(z) > 1 is the backscattering factor, taken to be constant in depth but
dependent on emission angle, and Ci(z) is the mole fraction concentration at a depth z.
The backscattering factors for the different angles of incidence of the electron beam
were calculated using Shimizu's equations for 0°, 30°, and 45° [32]. The values at
these three angles are used and assuming that ri= 1 at a 90° angle of incidence [33] a
fourth-order polynomial fit was made for In and P, from which the backscattering
factors for all other angles of incidence were calculated. The inelastic mean free
paths in the equation (2) was determined using the TPP-2M method [34] as Ain = 1.28
nmand Ap = 0.62 nm..

During ion sputtering, compositional changes take place to a depth proportional to the
ion range. The behaviour of the concentration profile, Ci(z), is thus somewhat
unsure, but based on analyses done with other techniques, such as angle-resolved XPS
[11] certain estimates can be made for the general shape of the profile Ci(z).
Different sputter mechanisms can be tested by choosing a corresponding profile Ci(z)
and then deconvolute the data with this choice of Ci(z). In the next two subsections,
the deconvolution will be discussed using models based on different atomic
redistribution mechanisms; firstly, a mechanism where chemical driving forces
dominates, and secondly a ballistic mechanism.

The composition depth profile Ci(z) was also estimated by the ion bombardment
simulation code TRIDYN [35]. A full description of this is given in section 4.4.. In
addition to this simulation, the projected ranges of the implanted ions were calculated
using the Monte Carlo programme SRIM [36].

4.2 Chemical driving forces: Segregation and diffusion induced redistribution

The sputtering of target surfaces is a highly complex dynamical process during which
the different target species as well as the ion are mixed due to the collision cascade.
This mixing is the result of many interplaying processes. During ion sputtering,
vacancies are formed which can induce a diffusion gradient. Segregation of inner
target atoms can also be enhanced by such a vacancy connected transport mechanism.
Simple atom erosion from the surface or near-surface is a further method of creating
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an altered surface layer.
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Figure 1. Molar fraction concentration profiles Ci(z) of species i, in units of the instantaneous
surface mole fraction C*, obtained from equation (3) for different values of the dimensionless
parameter 77 = 1/(ba®). For large values of n, i.e. b ~ 0, the purely ballistic profile described
by equation (5) is also shown. The bulk concentration of a binary compound is C,_= Ci(0)
=0.5 The unit for the depth scale is the parameter a in equations (3) and (5).

As was discussed in the Introduction, in sputtering the substrate atoms are
predominantly ejected from the top-most layer [24]. Thus in both preferential
sputtering and radiation-induced segregation the depth profiles of the individual
species will have some measure of an exponential behavior. In the case of pure
preferential sputtering the non-preferentially sputtered species will exhibit an
exponential decay depth profile; or one which will be very nearly exponential. Such
a profile is shown by the curve b = 0 in Figure 1. For radiation-induced segregation
there is an enrichment of a certain atomic species on the top surface with a depletion
of the same species below the first monolayer and extending over several monolayers
and a gradual increase of the species, at great depths, to that of the bulk value. A
typical profile of the segregating species (see also [23]) is the curve 1 = 3 in Figure 1.
In order to have an analytical expression to describe these two bombardment-induced
compositional changes we propose to use

Ci(z)=;+(— bz® +C; —;jexp[—;j 3



where Ci(z) is the molar fraction concentration of component i, Ci* = Ci(0) is the
instantaneous surface mole fraction, a is a parameter associated with the thickness of
the resultant modified layer due to ion sputtering, b determines the dip in the
segregation profile, i.e. the dominance of radiation-induced segregation. The factor %2
comes from the fact that we consider a binary compound. The unit of the depth
scale is a, which appears in the exponential term in (3).

It is reasonable to expect that in some binary systems both preferential sputtering and
radiation-induced segregation can occur simultaneously. In order to describe such a
system, the dimensionless parameter 7 = 1/(ba®) is a useful one. As can be seen
from Figure 1, bombardment-induced compositional profiles where radiation-induced
segregation effects dominate are describe best by smaller values of 7, while for very
large values of 7, the profiles approach the profile b = 0, i.e. pure preferential
sputtering. The latter case is also described by equation (5), which is given and
discussed in section 4.3. In the case of only bombardment-induced segregation, i.e.
no preferential sputtering of one of the species, there is no loss of atomic species in
this case. Therefore, the areas below and above the bulk concentration level
(representing a stoichiometric concentration) should then be equal. We shall use this
fact later to give a value for 7 when this occurs.

The profiles given by equation (3) are very similar to the ones obtained from argon
bombarded GaAs with Laplace transformations of the ARXPS signals by Bussing et
al. [11] and by Valeri et al. [12] using sputter depth profiling AES. Bussing et al. [11]
identified radiation-induced segregation to occur in the sputtering of GaAs. On the
other hand, the depth profiles of sputtered InP by Valeri et al. [12] correspond to the b
=0 case above.

The profile of the implanted ions is very near to a Gaussian distribution with a
projected range Rp and projected range straggling ARp. Because low energy ions were
used in this study, one can expect Rp ~ ARp and that the damaged or altered layer will
also be Gaussian with approximately the same values for the profile parameter, i.e. the
projected range of damage Rq_~ Rp and ARq_~ ARp. From Figure 1 it can be seen
that for a depth of around 15a units, a constant concentration has been reached, viz.
the bulk concentration. Consequently one would expect that

15a ~ Rp + 2ARp ~ 3Rp. The projected ranges Rp for 5~keV argon ions in InP for the
different angles of incidence employed, were calculated using the SRIM code [36]
and these values were subsequently used to calculate the values of the parameter a.

As was argued above, in the case of only bombardment-induced segregation taking
place, the areas below and above the bulk concentration level should be equal. This
means that



]Ici(z) —ﬂdx = IK— bz® +C? —;jexp(— ;de =0 (4)

In terms of the units of Ci(z), i.e. C# this integral leads to b = 1/(12a®).
Deconvoluting the AES data with equation (2) for this particular value for b gave a
value for Ci* > 1. This is physically not possible because according to our definition of
the concentration in mole fractions, 0 < C;® < 1. This indicates that it is highly unlikely
that the change in the Auger In to P peak ratios after ion bombardment is caused by
stoichiometric sputtering of InP (i.e. non-preferential sputter) and only
bombardment-induced segregation.

Deconvoluting the AES data with equation (2) for general values for b shows that
concentration profiles for which 0 < C® < 1, can only be obtained for 3 < 1 < 12. If,
however, the additional constraint of a = Rp/5 is brought in, then such solutions could
only be obtained for 7 ~ 10°. This high value for 7 makes b << 1; thus making the
influence of segregation very small. This means that the exponential term (the
preferential sputtering and mixing term) dominates. This again indicates that it is
highly unlikely that bombardment-induced segregation plays a major role in
bombardment-induced compositional changes in InP.

4.3 Ballistic redistribution: Preferential sputtering and atomic mixing

The analysis given in the previous subsection has already clearly shown that
preferential sputtering, together with a mixing process, is the major
bombardment-induced compositional change mechanism in InP. However, the
equation (3) used, is unnecessary complicated. A ballistic mechanism can be modelled
by a far more simple, two parameter equation.

For the preferential sputtering case, it means that most of the material removed comes
from the outer atomic layers. Mixing of the target atoms occurs throughout the altered
layer, up to a depth more or less equal to the projected range of the bombarding ions.
Before the steady-state is reached, the concentration profile is dynamic.
Steady-state is reached when the sputtered particles is in the same ratio as the bulk
concentration of the components. It is reasonable to assume that due to the
continuous sputtering of the surface material, the composition profile inside the
material due to ion beam mixing will, under steady-state conditions, have an
exponential behavior. As was discussed previously, the depth profile when only
preferential sputtering occurs, is also exponential. Consequently, we propose that the
profile to model a purely ballistic induced mechanism (see Figure 1) is given by

C.(2) =%+(Cis —%Jexp[—é) ®)



where C;® is the surface mole fraction of component i, and a is a parameter associated
with the thickness of the resultant modified layer due to ion sputtering. If the value b
= 0 is substituted into equation (3) it becomes equal to (5). This model clearly does
not include a term to make provision for any ion implantation. It is thus assumed in
this deconvolution model that ion implantation does not influence the sputter yield in
a major way even though there have been reports of argon ion implantation lowering
the sputter yield of SiC [37]. Although the compositions as calculated by TRIDYN
include the implanted Ar due to the sputtering by Ar ions, we renormalized the
concentrations as calculated by TRIDYN to ignore the Ar fractional composition.
This was done in order to agree with our model concentration given by equations (3)
(and (5)).

From Figure 1 it can be seen that the concentration given by curve b = 0 becomes
approximately equal to the bulk concentration (i.e. %2) at a depth z = 6a. Thus, we
estimated that the altered layer thickness produced by the ballistic model (i.e. for b <<
1) is of the order of 6a.

Estimating the value of a is not clear cut; SRIM was used to calculate the projected
ranges for 5 keV argon ions in InP for different angles of incidence and are given in
Table 1.

Table 1. lon angle of incidence 6; dependence of the projected range Rp as calculated using
SRIM 2000.38 [36]. The a parameter as estimated from a TRIDYN simulation depth profile
fit of equation (5) for 5keV Ar* ions in InP is also shown.

Angle of incidence 6 Project range Rp (nM) a as fitted from TRIDYN
SRIM2000.38 (nm)
1° 8.1 8.4
11° 8.1 8.3
21° 7.8 7.6
31° 7.3 7.5
41° 6.9 6.4
51° 6.2 5.2
61° 5.7 4.6
71° 5.2 3.5

The shape of the curve of equation (5) is very similar to that found by Valeri et al. [12]
for argon ion bombardment of InP. Zemek et al. [22] also determined similar depth
profiles for the atomic species for argon ion bombarded InP, but at the very low
temperature of 150 K. At this low temperature, diffusional and segregational
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movement by substrate atoms will be minimal, leaving only purely ballistic
redistribution for any compositional change.

4.4 TRIDYN simulations

To make a better estimate of the a parameter, the TRIDYN [35] package was used to
calculate the depth distribution of target atoms in InP after being subjected to 5 keV
Ar*ions at a fluence of 5 x 10 Arf cm?.  The TRIDYN simulations ignore the
effect of argon ion implantation, as already mentioned, by re-emitting all ions from
the crystal. It, furthermore, does not simulate long range diffusion of the substrate
atomic species. The simulations were done using 10° particle histories. The surface
(actually the surface and near-surface) concentration was averaged by TRIDYN over
a thickness of 1 nm from the dynamical depth distribution. The other relevant
simulation parameters are given in Table 2. The simulations were repeated for various
angles of ion incidence, i.e. ;= 1°, 11°, ... 71°.

Table 2. TRIDYN simulation parameters. The sublimation energy [38] was used for the
surface binding energy Es; the displacement energy of the InP (in a zincblende structure) is
four times the dissociation energy of a In-P bond which is 2.05 eV [39].

Ar*ions In P
Surface binding energy (eV) 0.0 2.49 3.27
Atomic volume (nm?) 4.019 x107? 2.607 x107 2.823 x107
Displacement energy (eV) 0.0 8.2 8.2

The Monte Carlo programme TRIDYN is essentially a ballistic simulation of ion/solid
interactions. Therefore, the final depth distributions profiles were fitted to the ballistic
model, equation (5). Figure 2 shows the averaged In profiles for different angles of
ion incidence as calculated by TRIDYN. The a parameters obtained from the fit are
given in Table 1. A plot of the calculated projected ranges, Rp and the fitted a
parameters shows a definite cosine dependence on the angle of ion incidence, as
shown in Figure 3. As can be seen from Figure 3, for small angles of incidence, the
values are about equal but they deviate significantly at glancing angles; probably due
to the effect of the surface vacancies.
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Figure 2. Indium concentration depth profiles for different angle of ion incidence, as
calculated using TRIDYN.

As already mentioned, the ballistic model predicts disturbed layer thicknesses of
around 6a. From Figure 2 it can be seen that for 8; = 1° the altered layer is of the order
of 48 nm. As preferential sputtering [40] takes place in the outer surface layer, i.e. the
top 1-2 atomic layers, mixing of the target atoms via recoil implantation is responsible
for a far thicker altered layer. Obviously, as can be seen from Figure 2, at higher ion
incidence angles, the mixed layer becomes smaller as expected due to the shallower
penetration of the ion into the target.

5. Discussion of the deconvoluted results

As was already indicated in section 4.2 no results with a surface concentration C®
between 0 and 1, could be obtained using the segregation dominated depth
distribution function. Thus, the deconvoluted results presented here were calculated
using only the ballistic model.
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Figure 3. Calculated projected ranges, Re for 5 keV Ar*ions in InP as well as the altered layer
thickness parameter a fitted from TRIDYN profiles shown in Figure 2. A strong cosine
dependence exists as a function of the ion angle of incidence.

The ballistic distribution function, equation (5), was substituted in equation (2), and
rearranged to calculate the top-most surface concentration Ci, by substituting the
measured Auger intensity ratio lin/ Ip and the standard intensities (as described in the
experimental section) 1in®/ I¢°.
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Figure 4. Surface composition ratios, Ce*/ C)o°, after argon ion bombardment of an InP(100)
surface. The variation of the surface compositions as a function of the disturbed layer
thickness a are given for four different values of the ion angle of incidence ;. It can clearly be
seen that there is a limit value a, for which there is no change in the surface composition.

The a parameters estimated from the TRIDYN profile fits were used in equation (5) to
describe the In and P depth distributions. Figure 4 shows the dependence of the
deconvoluted surface compositions on the altered layer thickness parameter a for
different angles of ion incidence. It can also be clearly seen that there is a definite
limit value, ai; for values larger than a, the resulting surface composition remains
unchanged. Since this limit is well below the total disturbed layer thickness, it implies
that atomic mixing is of secondary importance in influencing the surface composition,
and confirms that preferential sputtering dominates. Furthermore, this indicates that
the surface compositions obtained from the ballistic profile are not sensitive to the
altered layer thicknesses, but to the exponential behaviour in the near surface region
of the depth distribution function. Thus, using the projected ranges, Rp, instead of the
fitted a parameters, give essentially the same result. This implies that quick SRIM
calculations for Rp can be used to give an estimate of the altered layer parameter a;
this will, however, not give a true reflection of the disturbed layer thickness.

The deconvoluted surface composition ratios Cp*/Cis® are shown in Figure 4 as a
function of the cosine of the ion angle of incidence 6. Also shown are the surface
composition ratios obtained from the TRIDYN simulations. The calculated
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agreement between the measured and simulated surface composition ratios is good,
viz. less than 5% except for the ¢; = 31° data point, for which the difference is 7.6%.
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Figure 5. Surface composition ratios, Cs*/ Ci°, as calculated from TRIDYN, as well as
measured experimentally, using the ballistic deconvolution model described in section 4.3.
The surface composition ratios is shown as a function of the ion angle of incidence 6;, and
shows strong (cos 6;) " dependence, in line with the predictions from the model proposed by
Malherbe [7]. The straight lines are least-squares linear fits to the data with slopes of -0.143
for the TRIDYN simulation values and -0.139 for the measured values.

The surface composition ratio shows a strong cosine dependence on the ion angle of
incidence. This dependence on the ion angle of incidence has previously been
discussed by Malherbe [7, 18, 41], and showed that the exponent f in (cos 6;) " is a
material dependent parameter. The surface composition ratios show a preferential
removal of P from the target in agreement with most other authors (see Figure 6.
This enrichment of In becomes less for more grazing angles of incidence. This
corresponds with the effective altered layer depth; that is, there are fewer target atoms
being mixed, and therefore less P atoms being transported to the surface. The fact that
the experimental and TRIDYN values have the same trend with respect to cos 6
again indicates that ballistic (i.e. preferential sputtering with atomic mixing) effects
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are the dominant mechanisms causing the deviation of the surface composition from
stoichiometry. The difference in the actual values of the experimental and TRIDYN
results is, thus, either due to systematic errors in the Auger measurements or due to
long range radiation-induced diffusional effects.
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Figure 6. Averaged surface composition ratios, Cs°/C°, as determined with AES, XPS, SIMS,
and ELS by various authors after Ar*ion bombardment [12, 18, 42-45].

There are two main sources for possible systematic errors in the measurements. The
one is the assumption that the cleaved InP(110) surface has the same matrix as that of
the sputtered surfaces. It is known [46] that crystallinity can affect the In to P
Auger peak ratios. In our experiment, InP samples with two different crystal
orientations were used to determine this effect. Both these samples gave the same In
to P ratio, suggesting that we can ignore crystallinity effects in the determination of
the standard. Furthermore, the InP(110) surface is a stiochiometric one. InP is a
covalent bonded semiconductor which is readily amorphised by ion bombardment [7,
47]. Therefore, it is highly unlikely that crystal orientation effects will play any role in
the Auger measurements on the sputtered surfaces. Previous studies [18, 41] also
found no evidence of crystal orientation effects.

Bombardment-induced topography may also influence the average surface
composition as measured by AES. It is well known that severe topography develops
on InP with noble gas ion bombardment. It has been shown that the extent and form of
topography depend on both the ion fluence [27] and the angle of incidence of the ions
[28]. The AES surface compositions measured in this study and in others [18, 41]
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remained constant for a particular ion energy and angle of incidence from a low
fluence of 1 x 10'® Ar* cm™ to much higher doses (even as high as 5 x 10*” Ar*cm™.
An AFM study [27] showed that at a fluence of 1 x 10™ Ar*cm?, the rms roughness
of the surface were about the same as that of a virgin sample. The AFM images of the
surface also showed that very little topography developed at this low dose. As also
reflected in AFM images, the rms roughness increased with increasing dose.
However, as was mentioned above, the measured surface concentrations remained
constant with dose. Thus, it must be concluded that the bombardment-induced
topography did not influence the results presented here. An ISS investigation [17] also
found that the ISS spectra remained almost constant with increasing dose while the
surface became covered with cones.

As was mentioned, apart from systematic errors, the other source for the discrepancy
between the two sets of values in Figure 5 is long range diffusion. Figure 6 gives a
selection of reported enrichment factors of In for InP under argon ion bombardment.
The major differences in the measured values are probably due to the different
experimental arrangements and conditions used. Direct AES measurements average
the composition over the escape depth of the Auger electrons, while the method
presented here calculates the top-most surface composition. In different AES systems,
the sample surface orientations with respect to the incident electron beam and with
respect to the analysers are different from each other. As is clear from the present
paper, these will change the analysis volume, and thereby, the average " surface"
composition.

Apart from the differences in analysis depth due to either different ion angles of
incidence, or the different experimental setups, different ion bombardment conditions
may also explain the differences between the reported results. These may include the
ion energy and the fluence rate. These parameters may influence the diffusion in the
altered layer. There has been no systematic study investigating the influence of the
fluence rate on the equilibrium surface composition of InP. However, there have
been several studies investigating the effect of ion energy. Several studies found no
effect of argon ion energy on the equilibrium surface compositions [14, 18, 25, 42,
48-50]. This is in agreement with the well-known models of preferential sputtering
[24, 40, 51-53]. Only near the threshold energy for sputtering do sample energy
transfer considerations show that preferential sputtering effects should be ion energy
dependent [54]. For all the above reported studies, the ion energies were all above
this threshold energy [2]. Nevertheless, there are also a few studies [12, 15, 44, 55]
that did report an energy dependence. Two groups [12, 15, 55] reported that with
increasing ion energy, the surface composition becomes increasingly indium enriched,
while the other group [44] obtained a contrary result.

From the above discussion it is clear that the influence of ion energy on the final
surface composition has not been conclusively settled. This might be linked to the
influence of the fluence rate which can also influence radiation-induced diffusion in
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the altered layer.

The agreement between the TRIDYN simulations and the measured surface
compositions is good. Least-squares fits of the cosine of the ion angle of incidence
and the surface composition ratios obtained from the experiment and the TRIDYN
simulations give slopes that are very similar; f = 0.139 for the experimental values,
and f = 0.143 for the TRIDYN simulations (see Figure 5). The TRIDYN simulations
showed that the effective altered layer is much larger than the projected range of the
bombarding argon ions in agreement with other studies [50, 56]. However, the
ballistic model described is an exponential type distribution in which the major
redistribution of surface atoms takes place in a region of thickness a ~ 1 — 2
monolayers; essentially preferential sputtering. Mixing of target atoms take place in a
region up to a depth estimated as 6a. This mixing is probably due to recoil
implantation of near-surface target atoms. No segregation behaviour can be deduced
from the resulting TRIDYN profiles obtained. As already mentioned, no implantation
of argon ions was considered in the simulations; it is assumed that minimal argon
incorporation in the target matrix will occur, and thus have no effect on the sputtering
yields. The effect of argon implantation on the resulting sputtering yield is still needs
to be investigated.

The observed enrichment of In in the surface layer is thus mainly due to preferential
sputtering of P, and to a lesser degree to atomic mixing, i.e. recoil implantation and
diffusion migration with a strong possibility of radiation-induced diffusion also
playing a part. According to the Sigmund theory [24, 40] the preferential sputtering
in InP is mainly due to the large difference in the atomic masses of the two
components. Furthermore, the surface binding energy (SBE) of In is larger than that
for P, thereby enhancing the preferential removal of phosphorous. Malherbe [7] has
argued that some spike sputtering is also possible in InP for low-energy Ar*
bombardment, and that there is a greater probability for a spike volume to reach the
surface at glancing angles. In such a spike volume both components will have similar
Kinetic energies, and thus the mass and SBE differences are not important. This gives
a further argument for the cosine dependence of the enrichment of In.

6. Conclusions

It has been shown that simple atomic depth distribution functions can be used to
deconvolute the instantaneous surface compositions in contrast to the usual averaged
surface composition over many surface atomic layers, from measured Auger
intensities taken at different angles. The depth distributions used, was based on either
ballistic, chemical or both these considerations. This deconvolution method has
been applied to the case of argon bombarded InP.

A segregation dominated depth distribution did not give results for which the fitted
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mole fraction surface concentrations Ci® were between 0 and 1. In contrast, the
ballistic model can be fitted using easily determined parameters like the projected
range of Ar*in InP. The resulting measured surface composition ratios Cp® / Cip°
agreed very well with that determined from TRIDYN simulations.

The results confirmed that preferential sputtering is the dominant mechanism leading
to non-stoichiometric surface compositions, i.e. an enrichment of indium was found in
the altered layer. Atomic mixing and knock-on effects led to an altered layer of
thickness of approximately 6a, where a is the fitting parameter used in the depth
distribution function given by equation (5). Furthermore, there exist a very strong
dependence of the steady-state surface composition on the ion angle of incidence, but
no crystal orientation dependence could be found.
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