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Abstract
Depth resolution in sputter profiling is determined by three fundamental parameters, atomic mixing, surface
roughness and information depth. Their dependencies on the type of the sputtering gas (Ar, Xe, SF¢), the ion en-
ergy and the incidence angle of the ions, were studied on GaAs/AlAs multilayers using the Mixing - Roughness
- Information Depth (MRI) model. Surface roughness and mixing length were also determined independently by
means of Atomic Force Microscopy (AFM) and angle resolved AES (ARAES) measurements, respectively. A
significant difference was found for the surface roughness in MRI calculations and that of AFM measurements.
In contrast, the values of the mixing length determined by MRI and ARAES showed good agreement.

1. Introduction

Recent progress in ion sputter depth profiling
with ultrahigh resolution was achieved using
low energy SFs* ions in SIMS [1] and AES
sputter depth profiles [2, 3]. In the latter case,
well defined GaAs/AlAs multilayer samples
were used. The depth resolution achieved was
1.6 nm. Application of the MRI model [4, 5]
enables the determination of the contributions
of the different parameters mixing length (w),
roughness (o), and information depth (A) to the
resultant depth resolution, and to study the
variation of these parameters with the sput-
tering conditions. AES depth profiling was
performed by sputtering with ionized Ar, Xe,
and SFs in the energy range between 500 eV
and 3 keV at the incidence angle between 58
and 80 deg.

In this paper we try to confirm the physical
nature of the parameters in different sputtering
conditions by additional, independent meas-
urements using atomic force microscopy
(AFM) for the surface roughness and angle
resolved  Auger electron  spectroscopy
(ARAES) for the mixing length.

2. Experimental

The investigations were carried out on a
GaAs/AlAs multilayer sample with the fol-
lowing structure (in monolayers, 1 ML = 0.28
nm):

48GaAs/1AlAs/48GaAs/4AlAs/46GaAs/
/20A1As/GaAs(bulk).

AES depth profiling was performed by sput-
tering with ionized Ar, Xe, and SFs in the en-
ergy range between 500 eV and 3keV at inci-
dence angles between 58 and 80 deg. The
AES peaks Ga LMM (1065 eV), Al KLL
(1393 eV) and Al LVV (68 eV) were used for
depth profiling. We also monitored As, and
impurities such as O and C. In the case of
sputtering with ionized SF¢, F and S were also
measured in some experiments.

The obtained depth profiles were analyzed by
means of the MRI model [4,5] in order to ex-
tract the surface roughness and the mixing
length. The values of the information depth
were taken from refs. [6,7].

For some samples, the roughness of the sur-
face after profiling was measured directly by
means of AFM (NanoScope D3000, Digital
Instruments). The experiments were carried
out in air in the tapping mode. The analyzed
area varied from about 0.5x0.5 um to 50x50
um to compare short and long range rough-
ness. In each AFM experiment, 512 x 512
points were measured.

For some etching conditions, the length of the
mixing zone was analyzed with angular re-
solved AES (ARAES). In these experiments,
the sample etching was stopped on the tail of
third AlAs layer, where the Al concentration



Journal of Surface Analysis Vol. 5 No.1 (1999)

was much lower than that of As. Measure-
ments of the Al and As signal intensities ver-
sus the electron escape angle were carried out
by the sample tilting in front of the hemi-
spherical analyzer. The results were fitted ac-
cording to a simple one layer model with the
assumption of constant concentration of As
versus the depth. The small difference in the
information depth between Al (1369 V) and
As (1227 eV) was not taken into account be-
cause of close kinetic energies of their Auger
electrons. The error introduced by these as-
sumptions is smaller than the scattering of the
experimental data. The model gives the ratio
of Al/As signals as

[(Al)/I(As)=const [1-exp[-(W/(A " cos 8))]] ¢S]

where w is the length of the mixing zone, A
was taken from refs. [6,7] to be 2.32 nm and 6
is the emission angle for AES.
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Fig. 1 Typical depth profile The peak areas of the S
LVV,OKLL, FKLL, Ga LMM, As LMM and
Al XKLL are shown versus the sputtering time.
Ionized SF; has energy 750 eV and angle of
incidence 80 deg from the sample normal.
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3. Results and Discussion.

Figure 1 shows the peak areas of the AES sig-
nals of S (LVV), O (KLL), F (KLL), Ga
(LMM), As (LMM) and Al (KLL) in depend-
ence of the sputtering time of the GaAs/AlAs
multilayer sample bombarded with ionized
SF¢. The ion energy was 750 eV and the inci-
dent angle was 80 deg. The oxygen probably
originates from H;O adsorption from the re-
sidual gas, and S and F stem from the primary
ion beam. The low concentration of F on the
surface (the amount of F is about 250 times
smaller than that of As) may be explained by
formation of volatile F containing com-

- pounds. For comparison, sulfur which also

originates from the primary ion beam but with
about 5 times smaller flux as compared to F in
SFs*, has a 5 times higher surface concentra-
tion than F. This means that sputtering by F is
more efficient and presumably is supported by
chemical surface reactions. From profiles like
those shown in Fig.1, the sputtering time de-
pendence of the Ga and Al peak areas was
fitted by using the MRI model. The MRI pa-
rameters were extracted and shown in Fig. 2 as
function of the sputtering gas, the ion energy
and the ion incidence angle. The determination
of the parameters is described in detail in ref.
[3]. In brief, the depth resolution improves in
the sequence Ar, Xe, SFs with decreasing
primary ion energy and with increasing inci-
dence angle, as demonstrated in Fig. 2. The
depth resolution was calculated from the MRI
parameters as described in [3].

The improvement of Az occurs mainly be-
cause of changes in the mixing length, w,
which, according to MRI fitting results, de-
creases from 3.2 nm for 3 keV Ar* ions and
68 degree incidence angle to 0.4-0.6 nm for
ionized SFs with 750 eV energy and 80 degree
incidence angle. The results of independent
measurements of w values with ARAES are
shown in Fig. 3. The good agreement be-
tween the value of the mixing length obtained
from MRI calculations and the fitting of the
ARAES measurements with equ. (1) confirms
the physical nature of the w value.
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Fig. 2 The selected dependencies of the MRI parameters and calculated depth resolution versus  type of the

sputtering gas, ion energy, and ion incidence angle.

Significant difficulties appear in the measure-
ments of the sample roughness. First of all, the
changes in MRI calculated surface roughness
are not so pronounced as those for the mixing
zone (see Fig. 2). The lowest o value
(corresponding to mean square roughness) was
about 0.5 nm, a typical value is 0.8 nm. We
may also expect some problems due to both
AFM measurements and MRI modeling. First,
the AFM measurements were performed in
air. The native oxide formed at the surface may
decrease the roughness. Second, the calcu-
lated roughness will increase if the
GaAs/AlAs interface was originally non per-
fect, because the calculated roughness includes
the original interface roughness. The third
reason is due to the approach used in the MRI
model, in which the atomic mixing zone is re-
garded as compositionally homogeneous zone

with rigid boundaries [4]. In reality the mixing
zone is blurred, and this fact is mainly taken in
to account in the roughness parameter. There-
for this approximation leads to the overesti-
mation of the calculated surface roughness as
compared with AFM measurements.

A most important problem is related with the
correct extraction of the RMS roughness val-
ues determined from the AFM data. The
measured area in AES depth profiling was
about 100 X 100 um. When the AFM meas-
urements are applied to an area of about 1um?,
we lose the information on the long range
roughness. Application of AFM for roughness
measurements at the larger area is problem-
atic, because of the apparatus bowing of the
zero level. We found no reliable way to sepa-
rate the bowing and the real long range rough-
ness. This may be done with same standard
samples, which must be atomically flat at a
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know such samples are not available yet.
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Fig. 3 The ratio of A1 KLL / As LMM peak areas
versus the emission angle of the Auger electrons.
The experiments were carried out after the
etching through the third AlAs layer and fitting
to equ. (1) to determine the mixing length, as
described in the text. The sputtering conditions
are shown in the picture together with the mixing
length found from the fitting and MRI
calculations

The data for short range roughness are shown
in Table 1 for the original surface and for some
etching conditions in comparison with RMS
roughness. The AFM value are lower than
MRI ones because of the above mentioned rea-
sons.
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Tab. 1 Selected o values (o = rms roughness) obtained
by means of AFM  measurements and MRI
modeling.

Sputtering energy Angle o AFM o MRI

Gas keV  deg nm nm
SF6 0.5 80 045 0.7
SF6 0.5 68 0.3 0.8
Ar 1 80 0.3 1.2
Original surface 0.2

4. Conclusions

AES depth profiles of GaAs/AlAs multilayers
were obtained under different sputtering con-
ditions and fitted with the MRI model. The
obtained parameters, surface roughness and
width of the mixing zone, were compared with
independent measurements by AFM and an-
gular resolved AES. The surface roughness
measured by AFM is significantly lower than
the calculated one, which may be explained by
the difficulties with reliable AFM measure-
ments and data processing and by MRI mod-
eling. On the other hand, the good agreement
was found between MRI and angular resolved
AES results in the determination of the mix-
ing length.
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