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We performed a systematic study of ion-implanted 6H-SiC standards to find the optimal regimes for SIMS
analysis. Relative sensitivity factors (RSFs) were acquired for operating conditions typical of practical
SIMS applications. The experimental SiC RSFs were compared with those found for silicon:! the matrix
effect was insignificant in most cases. It was found that the SiO~ cluster ion cannot represent correctly the
real oxygen distribution in SiC. The physics of the effect is discussed. Copyright © 2003 John Wiley &

Sons, Ltd.
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INTRODUCTION

Secondary ion mass spectrometry (SIMS) is one of the best
methods of elemental analysis of different materials due to
its excellent sensitivity and high depth resolution. All these
advantages become particularly apparent in the case of SIMS
analysis of ion-implanted SiC, which has became the material
of choice for high-frequency and high-power electronics.

The SIMS technique provides a semi-quantitative analy-
sis and requires standards for quantitative analysis. A matrix
effect makes it impossible to apply relative sensitivity fac-
tors (RSFs) obtained for one material for analysis of another
material.

In this work we present systematic SIMS analysis data of
implanted 6H-SiC standards for the elements H, Be, B, N, O
and Al, which are widely used for the fabrication of electronic
structures and devices. We looked for the best conditions
for SIMS analysis of these elements and also investigated
other analytical regimes. Experimental RSFs were collected
in summary tables and were compared with the RSFs of Si.!

EXPERIMENTAL

All measurements were performed with a Cameca IMS-6f
ion microprobe. We used both Cs* and O," primary ion
beams for our analysis. During all measurements we used
the most common mode for the large-area SIMS analysis
with Cameca 4f-6f instruments:? so-called ‘microscope mode’
with a 150 um field of view and an area of analysis of 60 um
diameter (contrast aperture of 150 um and field aperture of
750 um). For high mass resolution (HMR) mode we used
a 400 um contrast aperture. The energy window was kept
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fully open (energy bandpass ~130eV) for the low mass
resolution (LMR) mode (M/AM ~ 300) and was closed
down to 30-50 eV (dependent on the mass resolution power,
MRP) for the HMR mode. The base pressure in the sample
chamber was around 1 x 1071° Torr. It increased to 4 x 10~1°
Torr during analysis with the Cs* beam and to 6 x 10710
Torr for O,* beam analysis. The depth scale was calculated
after measurement of the sputtering crater depth, performed
with a Dektak profilometer. The experimental error of the
measurements was ~4%.

The experimental samples that we used were 6H-
SiC of orientation (0001) grown by CREE, Inc. The ion
implantation was performed with an Ion-500 implanter
(High Voltage Engineering Europe). A detailed description of
implantation regimes, as well as experimental and theoretical
projected ranges (Rp) calculated with the TRIM code (the
stopping/range table) and taken from the literature,® are
summarized in Table 1. The experimental R, was taken as
the depth of the distribution maximum. The RSFs were
calculated using the doses of implantation, which were
defined during implantation with an accuracy of ~5%.

RESULTS AND DISCUSSION

The data in Table 1 demonstrate good agreement between the
theoretical and experimental R, values. For both calculations
the maximum deviation from experimental data does not
exceed 15%. The sputtering yield for 6H-SiC was 1.6-2.0-fold
less (depending on analysis conditions) than for Si under the
same conditions.

Figure 1 demonstrates the depth profiles of H-, N-,
O-, Be-, B- and Al-implanted SiC measured under ‘opti-
mal’ conditions. ‘Electronegative’ elements (Fig. 1(a)) were
measured under cesium ion sputtering and monitoring of
secondary negative ions; ‘electropositive” elements (Fig 1(b))
were analyzed under oxygen ion sputtering with monitoring
of positive secondary ions. We also monitored the CsM* ion
cluster (where M is the element of interest) under cesium
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Table 1. Description of the implanted standards: ion energy,
ion dose and experimental and theoretical® projected ranges
(Rp); density of SiC was chosen as 3.22 g cm~2 for TRIM
calculations

Energy Dose Rp, exp. RP2 Ry,
Element (keV) (ions cm™2) (A) (A) TRIM (A)

H 30 1.0 x 10%° 2600 2603 2371
B 90 1.0 x 10 1730 1767 1934
Be 40 3.2 x 101 1370 — 1237
0 90 1.0 x 1015 1330 1432 1292
N 90 2.0 x 101 1670 — 1421
Al 100 2.0 x 101 950 900 1097
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Figure 1. Depth profiles of implanted SiC standards measured
under the ‘optimal’ SIMS conditions.

ion bombardment. Additionally, we utilized all possible sec-
ondary ions (atomic and cluster) that can be applied for the
SIMS analysis.

Experimental RSFs for all regimes and for all analyzed
atomic and cluster ions are shown in Tables 2(a)-2(c),
together with the detection limits found for each regime.
A good daily reproducibility of RSFs was found for all
standards: the maximum deviation did not exceed 5%.
In Table 3 we collected for comparison several SiC RSFs
obtained in other studies*® for some elements from our list,
as well as for As and Ga, which are widely used for SiC
doping.

We found that detection limits for B and Be in SiC are
close to those for silicon. The fairly high level of volume
concentration for the other gas elements (H, O, N) in
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comparison with silicon (see Fig.1(a)) can be explained,
in our opinion, by peculiarities in the SiC growth process.
Note that the detection limit in all three cases corresponds to
the bulk concentration of the analyzed element. In order to
check this, we have compared them under different primary
ion current densities: the same values were acquired.

We now consider some distinguishing features of the
SIMS analysis of these elements in SiC.

Beryllium and boron

No important difference was noted between the analysis of
Be and Bimplanted in SiC in comparison with silicon matrix.!
Both elements can be analyzed effectively as negative as well
as positive atomic ions; the positive secondary ions provide
a more dynamic range. There is no mass interference, which
if present could complicate analysis. Note that the CB~ ion
signal provides another way for effective boron analysis with
record sensitivity. The detection limit for both elements can
reach 10'* atoms cm™2 (see Table 2(b)).

Aluminum

There is an interference between Al* and CxHyi clusters,
which is more pronounced for negative secondary ions.
There is also a memory effect if an Al/Cu grid is used for the
instrument optics alignment. Sputtering of the sample will
coat the surfaces that cause the memory effect. Applying a
voltage offset of —100 V can reduce the mass interference. The
HMR mode of M/AM = 1600 can be utilized for effective
analysis (see Table 2(b)) when the memory effect can be
suppressed.

The experimental detection limit of Al in SiC was
almost two orders of magnitude higher than in silicon' and
corresponds to the bulk concentration of Al in the standard
used. From our previous experience with other SiC samples,
the detection limit of Al was <10'® atoms cm™3.°

Hydrogen

Again, there is no essential difference between analysis of H
in SiC in comparison with Si matrix:! the negative atomic ion
H~ yields the optimum sensitivity and detection limit. Note
that the bulk concentration of H (as well as those of O and N)
can depend on the SiC growth conditions. Some cluster ions
such as SiH* and Cs,H* can be utilized effectively. The latter
cluster ion makes it possible to analyze hydrogen together
with any ‘electropositive’ elements during one measurement.

Nitrogen
Nitrogen has a very high ionization potential (14.53 eV) and
negative electron affinity. As a result, both positive and
negative secondary ion yields of nitrogen ions are very poor
or absent. In order to analyze N in silicon, the SiN~ cluster ion
is commonly used.! For the SiC matrix there is a strong mass
interference between the Si* N~ cluster ion and the ¥Si'*C-
cluster ion. To separate the interference it is necessary to
apply a mass resolution power (MRP) of M/AM ~ 270 000,
which is higher than the instrument permits.

We found that the ?C*N~ ion cluster, measured under
HMR conditions with an MRP of M/AM ~ 7.500, gives the
highest sensitivity and the best detection limit (see Table 2(b)
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Table 2(a). Experimental SiC RSFs and detection limits (DLs) for positive ions measured under O>™ primary ions
sputtering with respect to Si; the last two columns show RSFs and DLs for Si'

SiC Sil

Monitored ion RSF (atoms cm™3) DL (atoms cm™2) RSF (atoms cm™3) DL (atoms cm™3)
H+ 2.5 x 10% 1.0 x 10%° 6.2 x 10% 23 x 108
BGi1H+ 8.7 x 10%* 8.5 x 1018 1.4 x 10% 2.7 x 1018
9Bet 3.1 x 10% 1.0 x 10™ 3.2 x 10% 4.7 x 1013
12CHBe* 5.8 x 10% 8.0 x 10V — —
np+ 5.6 x 10% 1.0 x 10 6.5 x 10% 1.8 x 10™*
7 Al (HMR)® 1.5 x 102! 3.0 x 106 1.4 x 102 7.0 x 103
7 A1+ (=100 V offset)® 2.5 x 103 3.0 x 1016 — 7.0 x 1013
27 AI12CHa 3.5 x 10% 1.4 x 10" — —_
28Gj27 Al 7.5 x 108 4.2 x 10V 4.8 x 10% 7.0 x 1017
4N+ (HMR)® 2.7 x 10% 1.0 x 10" 2.9 x 10% 1.0 x 10"

2 HMR mode with M/AM ~ 2000.
® The energy bandpass was ~60 eV.
¢ HMR mode with M/AM ~ 2500.

Table 2(b). Experimental SiC RSFs and detection limits (DLs) for negative ions measured under Cs™ primary ions
sputtering with respect to Si; the last two columns show RSFs and DLs for Si'

SiC Sil

Monitored ion RSF (atoms cm™3) DL (atoms cm™2) RSF (atoms cm™3) DL (atoms cm™3)

H- 4.2 x 10% 1.7 x 1082 4.8 x 102 9.0 x 101

S0SitH- 5.4 x 10% 3.0 x 108 2.0 x 10%# 2.1 x 107

‘Be~ 9.2 x 10% 5.2 x 1018 2.0 x 107 —

12C9Be~ 1.3 x 10%# 2.8 x 10V — —

1B- 1.9 x 10%# 4.7 x 101 2.4 x 10% 2.2 x 101

Bgilig- 9.4 x 103 1.7 x 10Y7 — 3.6 x 10%°

12Cclig- 1.4 x 10% 5 x 10 — —

160~ 6.4 x 102 8.4 x 10%72 2.4 x 10% 8.0 x 10

85jl6Q- 7.9 x 10% 1.7 x 108 1.0 x 10% —

2CHN- (HMR)® 4.9 x 10?! 5.4 x 10162 — —

Al~ (HMR)® 6.9 x 10% 1.8 x 10V 1.2 x 10% 1.0 x 107

@ Bulk concentration.

> HMR mode with M/ AM ~ 7500.

¢HMR mode with M/AM ~ 2000.
Table 2(c). Experimental SiC RSFs and detection limits (DLs) Table 3. The SiC RSFs and detection limits (DLs) for a set of
for CsM™ ion clusters measured under Cs* ion sputtering with elements taken from the literature*-®
respect to 133Cs28S;j; the last column shows RSFs for Si'

Monitored Reference RSF DL
RSF for SiC DL for SiC RSF for Si' Element ion ion (atoms cm~%) (atoms cm~)
. . -3 -3 -3
Monitored ion (atomscm™) (atomscm™) (atoms cm™7) - - 28g;- 3.0 x 102 8.0 x 107
188CsIH* 1.2 x 10% 3.0 x 1018 — H  CsiH+*  13CePsit 1.1 x 102
133Cs?Be* 1.4 x 102 1.8 x 10V 7.8 x 10212 B B+ Bgi+ 4.0 x 10? 1.0 x 10
133CglIB+ 4.0 x 10? 2.0 x 10V — B 1BCglIpt  138Ce28s5i+t 4.5 x 102
g+ 3.3 x 10% 5.0 x 101° — B IBCellBt 1BCsBSit 1.8 x 102
133Cs?7 Al+ 5.0 x 102 4.2 x 10" 1.6 x 10%12 N IBCUNT  138CsBs5i+ 1.8 x 108
133Cg285i160+ 3.2 x 107! 8.4 x 10'8 — Al 1BCsPAIT 138CsB5i+ 4.5 x 102
18Cgleo+ 1.5 x 10%* 1.7 x 10" 1.4 x 10%42 Al ZALF Bgi+ 5.0 x 102! 1.0 x 101
1BCNT 6.5 x 102 1.6 x 10Y 4.3 x 10%2 Ga  '3Cs¥Ga*t BCsBSit 2.5 x 107
138Cs 4N+ 2.8 x 10232 8.8 x 101° — Ga 7'Gat Bgj+ 1.0 x 102 5.0 x 10™
As  1BCgPAst 18CsBSit 2.6 x 102

2 With respect to Si. Multiply RSF values by 2.2 to compare with
CsSi reference.
Copyright © 2003 John Wiley & Sons, Ltd. Surf. Interface Anal. 2003; 35: 491-495

U901 SUOWILLIOD BAITERID 3[qed1dde au) Ag PoLLBA0D a2 SBPILIE YO ‘SN JO S3IN 10} AJRIGIT 8UIIUO A3|IA UO (SUO1ILIOD-PUE-SLLLBYWICD" A3 1M Ae.q1 U |UO//:SdIL) SUONIPUOD PUE S | 3L 885 *[SZ02/90/60] U0 ARIqIT 8UIUO AB1IM *AIS AN USURIX AQ TOST €S/Z00T OT/I0PALICY" A3 1M ARRIq1pUI|UO'S UINO BOUS 05 O NARUE//SUNY LLO1) POPROIUMOG ‘9 ‘S00Z ‘8TE6960T



494

Y. Kudriavtsev et al.

and Figs 1(a) and 2(b)). If necessary, the HMR mode can
be used for monitoring N* secondary ions. An MRP of
M/AM ~ 2.500is enough to separate 2Si**, *N+ and *C'H*
secondary ions (Fig. 2(a)) but, as noticed before, the N* ion
intensity is quite low (see Table 2(a)). The CsM™* mode also
can be utilized. Note that the Cs,N* cluster ion current gives
a more dynamic range for nitrogen analysis compared with
CsN* ions.

The detection limit of nitrogen in SiC is under question.
Our standard has a bulk concentration of nitrogen equal to
5.4 x 10 atoms cm~3. From the HMR spectrum (Fig. 2(a)),
measured far from the implanted maximum we can estimate
a nitrogen detection limit as low as 5 x 10 atoms cm~3 with
the vacuum in the sample chamber <5 x 1071 Torr.

Oxygen

The O~ ion represents the best dynamic range of oxygen
analysis (see Table 2(b)) in SiC. Utilization of the CsSiO* ion
cluster can be a good choice because of its high intensity and
the possibility of simultaneous analysis of electropositive
and electronegative elements in this case.

During negative SIMS analysis of oxygen we found a
difference in the oxygen distribution measured with SiO~
ions in comparison with O~ ions (see Fig. 3). We exclude
any apparatus and depth calculation effects by having
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Figure 2. High mass resolution spectra obtained for
nitrogen-implanted SiC in both ‘positive’ (a) and ‘negative’ (b)
secondary ion modes.
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Figure 3. The SIMS depth profile of oxygen-implanted SiC
acquired with O~ and SiO~ secondary ions. The vacancy
distribution calculated using TRIM is presented for
comparison. (For details, see text.)

simultaneous measurement for both ions. There was no
charging during the measurement. Moreover, there was
no similar behavior for other elements under the same
conditions.

In order to explain the effect, we considered SiO~
ion cluster formation carefully. The cluster formation was
separated into two steps: SiO molecule formation on the
surface with subsequent emission (Direct Emission model”
of sputtered clusters); and ionization of the cluster after
removal from the surface. We assume the same ionization
probability of SiO clusters during all depth profiling except
the surface maximum, which is defined by the transient
effect. Thus, the difference in O~ and SiO~ ion yields should
be explained by a different probability of SiO formation
for different depths. To understand this, we performed a
computer simulation of the oxygen implantation in SiC with
the Monte-Carlo computer code TRIM. We analyzed the
distribution of vacancies formed during implantation, which
correlates with an energy transfer between implanting ions
and atoms of the solid (see Fig. 3). From a comparison of the
SiO~ and O~ distributions we found that agreement between
them is observed for a small part of the profiles, which
correlates with the maximum of the vacancies distribution.
A more careful study gives us the ‘threshold’ number of
vacancies of ~3.3 x 102 cm™® (see Fig.3). This value is
almost 3% of the total atomic concentration in SiC. There is
a strong correlation between the vacancy formation and the
energy loss of the primary ion due to its collision with solid
atoms. Thus, we can estimate the existence of a ‘threshold’
energy required to break Si—C bonds. After the ‘energy
threshold’ is exceeded, most of the Si—C bonds are broken
and very strong Si—O bonds (which are stronger than Si—C
bonds) are formed. Before that, the strong Si—C bonds partly
prevented Si—O formation. Thus, the different degree of
amorphization of SiC, depending on the depth, caused by
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the ion implantation explains the different probability of SiO
molecule formation during SIMS depth profiling analysis.
In such a manner, SiO~ cluster ions cannot represent the
oxygen distribution correctly.

Matrix effect

In Tables 2(a)-2(c) we have presented the RSFs for silicon
obtained under similar conditions.! From a comparison of
the data we can conclude a minor matrix effect for most
of the elements when the measurements are performed
for atomic ions and for CsM* cluster ions. In the case of
other clusters, as well as for the HMR mode, the matrix
effect becomes essential. We estimate that a fine instrument
alignment, which varies for different instruments, together
with a modification of the cluster formation process in SiC
found for SiO, yields the observed RSF difference.

CONCLUSION

The experimental RSFs for the SIMS analysis of 6H-SiC
were found for various SIMS regimes. A matrix effect (in
comparison with silicon) was observed only for cluster ions
(except for CsM* clusters) and in the case of the HMR
mode. The detection limit of some analyzed elements for
SiC was determined to be 1.5-2.0-fold less than for Si, which

Copyright © 2003 John Wiley & Sons, Ltd.
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correlates with the sputtering yield difference found for these
matrixes.

The SIMS depth profiling analysis of SiC with cluster ions
can lead to errors in some cases.
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