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OXIDE BOND ENERGIES
FOR THE CALIBRATION OF MATRIX EFFECTS

IN SECONDARY ION MASS SPECTROMETRY

A. A. Galuska and G. H. Morrison®

Department of Chemistry
Cornell University
Ithaca, New York 143853

ABSTRACT

Analyses of trace and major elemeats in group III-V compound

matrices by secondary ion mass spectrometry (SIMS) have shown that

practical ion yields are 1 uearly related to the matrix

The affinity of the matrix to oxygen appears to be the critical factor
in this relationship. A direct relationship between the
these calibration lines, determined for elements in the same column of

N the periodic table, and the first iomization potential of the

respective elements has also been shown.
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Secondary ion mass spectrometry (SIMS) is & powerful technique
for the analysis of thin solid films., It has ppm sensitivity for most
olements, excellent depth resolution (<100 X), ‘and good lateral
resolution (about 1.0 pm), Using standards prepared by ion
implantation, quantitative analyses accurate to about 15% can be
obtained for trace elements (<0.1 atomic perceant) in homogeneous
matrices [1~3]. Due to matrix effects, bhowever, the standard must
match the sample matrix. This not always convenient or possible. In
addition, the quantification of SIMS depth profiles in
-nltllayer--nltiintrix samples remains a problem due to the changing

practical ion yields and sputtering yields which are encountered.

For Al Ga;_,As and related matrices, it has recently been shown
that relative ion yields (Rt) and relative sputtering yields (RS) vary
linearly with sample composition ([4]. The relative values were
obtained by normalizing practical iom yields (t) and sputtering yields
(S) from 2 sample matrix to those from a standard matrix when both
measurements were performed <under nearly identical sanalysis
conditions. By this procodn:e, precise calibration 1lines have been
obtained, and subsequently been applied to a variety of Ale‘l-xA‘
superlattices using the depth profile correction program SLIC

(superlattice and interface calibration) [S].

The general application of such a calibration method to a greater
variety of matrices requires an understanding of the fundamental

processes involved, There are curreatly two primcipal hypotheses for
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the variation of v's with matrix. It has been suggested that matrix
effects are primarily a function of sputtering yields [6, 7]. Lower
S’s enhance the build-up of reactive primary ions (0; or Cs*) in the

surface resulting in increased v‘'s. This hypothesis is expressed in

eq. 1

Br, « (1/RS)Y (1)

where y is a constant determined experimentally for the analyte 3.
Others have asserted that under certain conditions tv's are a linear

function of matrix composition [8, 9]. This compositional approach is

expressed in eq. 2

Rt‘ « E:-IPi..Ci (2)

vhere n is the number of elements in the matrix, C; is the atomic
fraction of element i in the matrix, and Pi.' is a dimensionless
paramecter representing the influence of element i on the iom yield of
element g. In addition, a strong correlation between the mean free
energies of matrix-oxygen bonds and the observed trends in ionization

probabilities has been reported for certain binary metal alloys [10,

11].
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In the present study, these principal explanntiois for the

variation of <t's with matrix were investigated using Rt's from trace
and major elements in various group III-V compound matrices. A strong
relationship between Rt’s and RS’s was not observed. Alternatively, a
very strong limear relationship was found between the Rt’'s and the
average bond emergies of the sample matrices to oxygean, Similar
linearity was found during Ar* pombardment with a high ambient oxygen
pressure in the sample chamber. For elements in the same column of
the periodic table, a direct correlation was observed between the
slopes of these lines and the ionization potentials of the
corresponding analytes. Using these trends, it is possible to predict
when matrix effects will be a problem, Then, using the appropriate

calibratidn lines it is possible to correct for these matrix effects.

EXPERIMENTAL

Sample Preparation., The Al Gaj_,As, Ga 47In 53As, GaSb, and InSH
matrices were grown by molecular beam epitaxy (MBE) on semi-insulating
GaAs, InP, GaAs, and InSb substrates, respectively. Semi-insulating
InP and GaP substrates wore also used as sample matrices. The matrix
compositions were determined from MBE growth parameters and verified
to an accuracy of better than 10% [12] using Rutherford backscattering
(RBS) sand photoluminescence spectroscopies. Trace elements were

introduced using ion implantation. Gemerally, two different elements
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were implanted into each sample, Prior to implantation samples were

B AOKNOR IR - <)y

cleaned with trichloroethylene. The implantation parameters are

A

bt s

listed in Table 1.

Instrumentation. SIMS saralysis was carried out on a CAMECA (103,

Boulevard Saint-Denis, 92403 Courbevoie Cedex, France) INS-3F ion

B
efetata’alla

microanalyzer using an electron multiplier in the pulse counting mode
for signal detection ([13]. The instrument comes interfaced to a
HEWLETT PACKARD (3404 East Harmony Road, Fort Collins, Colorado 80525)
9845T microcomputer for <comtrol and data acquisition. The
experimental parameters are listed in Table 2. To avoid saturating

the electron multiplier, the sampling area was reduced to 5.0 X 10”7

cm? when 27A1"’. 696.*. 7Li*. and 24!;* were analyzed. A multiple
sample holder was used to simultaneously mount several samples. Depth
measurements on the sputtered craters were performed Tusing a

mechanical stylus.

Software. Programs for instrumental coatrol, data analysis, amnd

matrixz correction were written in BASIC for the HEWLEIT PACEKARD 9845T,
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Procedure. Following ion implantation, 4 to 7 samples were

simultaneously mounted and depth profiled using a multiple sample é
holder. Each group of samples included GaAs as a standard matrixz for !
ion yield and sputtering yield normalization. The samples were E
inserted simultaneously to insure nearly identical analysis E
conditions. After allowing the pressure in the sample chamber to g
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reach a steady state condition, the 02+ primary ion beam was focused,

and the proper mass settings were determined. Without manipulating
any instrumental parameters, the samples were analyzed consecutively
until at least 3 profiles of each sample had beon made. <t's, Rt's,
S’'s, and RS's were determined using standard procedures [4]. The <'s
and Rr'’s for 118, 31?. and 75As were also determined using an Ar*
primary ion beam while the sample chamber was flooded with oxygen to a

pressure of 5§ X 1075 torr.

RESULTS AND DISCUSSION

Since Rt's are 1linearly related to both RS’s and sample
composition for Al Ga;_,As matrices [4], the alteration of t's with
matrix can be explained by either of the fwo hypotheses of matrix
effects. The validity and applicability of these two can oanly be
evaluated by extending the calibration to other group III-V compound
matrices. The sputtering yield hypothesis was evaluated directly.
The compositional npproncﬂ was ovaluated using the observation of Yu
and Reuter (10, 11] that the affinity of a matrix for oxygen (AG,
metal oxide) determines the influence of a particular matrix
composition on t's. Consequently, the parameter Pi" was treated as a

measure of the affinity of element i for oxygen.

The exact forms of the metal-oxygen complexes which are created
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during the sputtering process are difficult to determine.
Consequently, the free energies of metal oxide formation were not used [
as an indicator of oxygen affinity. Instead, this affinity was
roughly approximated using the bond energies of the diatomic metal
oxides. Preliminary analysis indicated that a linear relatiomship
existed between t's and the oxygen affinity of the matrices, but that
this linearity could be improved for all snalytes by using slightly
modified bond energy values as anm indicator of oxygen affinity. These
modified bond emergy values are used throughout the paper. The
literature values [14] and the modified values of these bond energies

are given in Table 3.

The two approaches to the problem of matrix effects are compared
in Figures 1-4 for 28Si, 9Be. 31?. and 24!; in various group III-V
semiconductors. According to the compositional theory, plots of Rx
versus the average matrix—oxygen bond energy should yield straight

lines. Similarly, sccording to the sputtering yield hypothesis, plots

of 1log(Rr) versus log(1/RS) should also yield straight limes. As
spparent in these figures, the compositional theory satisfies this
criterion much better than the sputtering yield approach. In fact,
the linearity that 1is apparent in the plots of 1log(Rr) versus
10og(1/RS) can be attributed almost entirely to the linearity expected
for the Al Ga;_,As data points. The linear correlations and relative
standard deviations of the slopes of these two types of plots are

presented in Table 4. The linear correlations of the compositional

approsch are quite superior to those of the sputtering yield approach.
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In addition, the relative standard deviations of the slopes obtained
by the sputtering yield method were many times larger than those

obtained by the compositional method.

Certainly, these experimental data favor the compositional
approach, If, however, matrix effects in these samples are determined
by the affinity of the samples for oxygem, ome would also expect a
linear relationship between Rt’s and the average matrix—oxygen bond
energies when an Ar* primary ion beam is used in conjunction with
oxygen flooding. Such an investigation was carried out on 118, 31P,
and 73As under conditions short of oxygen saturation., As apparent in
Table 5, t. . linear relationship between Rt's and these bond energies
is maintained as expected despite the different analysis conditions.
In fact, as shown in Table 6, the slopes of the 113, 31?, and 75As
calibration lines under both types of bombardment are very similar,
The differences that are apparent can most likely be attributed to the
under saturation of the sample matrices with oxygen. VWith the
addition of these corroborating data, it appears that matrix effects
in group III-V semiconductors are a linear function of the sample
composition and in particular the affinity of a particular matrix to
oxygen. Oxygen flooding and the 0; bombardment process control the
availability of oxygen, but the oxygen affinity of the matrix
determines the exteant of oxidation. For Alxcgl_xA, [4, 5, 15] and
other group III-V semiconductors, the oxygen affinity is the most

oritical factor influencing matrixz effects.
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In addition to determining a general mechanism for matrix
effects, it is also important to understand how matrix effects
influence the t’'s of one particular element versus another, One can
gain an insight into this phenomenon by comparing the slopes of the
calibration lines io the first ionization potentials of the respective
analytes. Such a comparison is opresented in Table 6. At first
glance, there is no apparent relationship between the slopes and the
first ionization potentials, However, upon examining just those
elements which fall in the same column of the periodic table [(B, Al,
Ga),(P, As, Sb), and (Be, Mg)], a general relationship is observed.
Those elements with higher first ionization potentials yield
calibration lines of steeper slope than those with 1lower first
ionization potentials. This indicates that e¢lements which have a
small ionization probability are influenced by matrix effects (the
amount of bound oxygen) to a greater extent than those which have a
large iomization probability. As one might expect, this relationship
is very similar to that commonly observed for elemental <'s in a
single matrix enhance by oxygen bombardment or flooding: elements
that have a small ionizatiom probability are enhanced to a greater
extent by the presence of oxygen than those that have a large
ionization probability. Thus, the relationship between the slopes of
these calibratiom lines and the first ionization potentials is

intoitive.

Application. The excellent linearity of the Rt versus

matrix-oxygen bond energy calibration lines and their relationship to

N g
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elemental ionization potentials can be used to improve the quality of
both qualitative and quantitative SIMS analysis. Using the
relationships expressed in these matrix calibration lines, one can
anticipate when matrix effects will be a problem, and how they may
distort depth profiles of layered multimatrix samples. For example, a
largely distorted gaussian depth distribution would be expected for a
11g implant through a GaAs layer into an Ale‘l-xA’ layer because 11g
is very semsitive to the presence of oxygen, i.e. matrix effects, and
A1.361.1As has a much greater oxygen affinity than  GaAs,
Alterpatively, a smaller distortion would be expected for an 24!5
implant and an even smaller distortion for an Li implant into such a
structure. The sensitivity of these elements to matrix effects
decreases going from 11 ¢ 24!3 to TLi. The SIMS analyses of these

implants are shown in Figure 5.

Vhen a quantitative SINS analysis in either a single matrix or a

layered multimatrix sample is desired, these calibration lines can be

;; quite valuable, Since these types of calibration 1lines are
'fE reproducible [4], dopant distributions in a homogemeous group III-V
3 compound matrix can be quantified using the calibration lines and a
ié single standard prepared from any of the group III-V compound
?3 matrices, There is no need to make a separate standard for each

matrix. These calibration lines can also make the quantitative SIMS
anaslysis of layered multimatrix samples possible. For very complex
layered multimatrix samples, these matrix calibration lines may be

ingerted into a variation of the program SLIC [5] for matrix

AL, EIE L T I R N R
. '.-\' "-"h ‘.n\.- ® ."‘n\ .\'. “et e "



L%

N

W
ﬂ';':»"-'J'
L

*y
)

. 2
.

¥ ¥
s
.

iy

PAGE 11

correction, For simpler structures with just & few well defined
interfaces, one can treat the interfaces as 1linear concentration
gradients from one matrix to another. Both approaches are presented
in Figure 6. A 9Be concentration plateau approximately 0.1 pm wide
and 1 -2 X 1018 atom/cn3 high was grown by MBE while the matrix ;as
linearly changed from GaAs to A1_3Ga.7As. In the uncorrected profile,
the 9Be distribution (dashed line) resembles a sharp spike rather than
a plateau. In addition, the thickness and peak concentration of the
plateau cam not be determined. The shape of the plateau differs
slightly between the two versions of the corrected profile. However,
both types of corrections allow a dramatic improvement over the
uncorrected profile in the determination of plateau thickmess and peak

concentration.

In summary, the influence of matrix effects om ion yields in
group III-V compound matrices can be precisely calibrated. A
compositional approach to matrix calibration based on the oxygen
affinity of the sample fits the experimental data quite well while the
sputtering yield approach did not. The influence of matrix effects on
elements in each column of the periodic table was shown to be directly
related to the first ionization potential of the analytes. Finally,
the relationships observed can be used to improve the quality of both

qualitative and quantitative SIMS analyses.
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Table 1

Ion Implantation Parameters

Implant Fluence Energy

Element (atom/cm?) (keV) Source
98¢ 1 x 1014 250 Be solid
11y 1 X 1014 250 BF3 gas
28g4 1 X 1013 250 SiF, gas
31p 1Xx 1015 300 PF; gas

121, 2 X 1014 250 Sb solid
24y, 1 X 1015 300 Mg solid

i 1 X 1014 150 Li solid
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Table 2

SIMS Experimental Parameters

Primary Ion: 02+, Art

Primary Ion Energy: 5.5 keV

Primary Ion Current Density: ~2.5 X 10~2 A/cm2

Raster: 300 X 300 um or 400 X 400 pm

Sampling Area: 2.83 X 10~5 cp2
Energy Window: 130 eV

Residual Sample Chamber Pressure:

TS \ ..‘,'.".".;,\’,,-.-. f

3X 108 torr
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Matrix
Element

Al
Gl.
In
P

As

Table 3

Matrix Element-Oxygen Bond Energies

Literature
Vslues
(kcal/mole)
116 = §
68 + 15
1
120 £ 4
115 + 3

89 = 20

Modified
Values
(kcal/mole)

116.0
68.0
67.0
115.0
115.0

114.6
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Table 4

Linearity of the Sputtering Yield and :

Compositional Approsches to Matrix Calibration .

for Group III-V Compound Matrices X

Under 02* Bombardment .

Log (Rt) Versus Log (1/RS)

Linear RSD
Corr;intion Slope
Analyte %
28g; 0.633 64.9
98e 0.713 54.1
31p 0.731 30.8
24y, 0.748 21.1 '

Rt Versus MNatrix-Oxygen Bond Energy

Linear RSD
Correlation Slope
Anslyte £2 )
28g; 0.999 0.28
98e 0.998 0.42 :
31p 0.991 0.24
24y, 0.993 0.60

N
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Table 5

Y

Linearity of Rt Versus Matrix-Oxygun Bond Energy
For Group III and V Compound Matrices
Under Ar+ Bombardment With Oxygen Flooding

S Yl

oy

a'a @ aa &8 &

Linear RSD
Correlation Slope
Anslyte r? *
11y 0.953 0.27
2 31p 0.928 0.432

" 15as 0.927 0.505
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DN Table 6

-_.;_ Dependence of Rt Versus Bond Emergy Line Slopes

N On First Ionization Potential

>

1 Under 0,* Bombardment
s
f;‘- 1st

.

3 Ionization
:2 Potential
v Anslyte Slope Intercept (eV)

, 11y 1.90 -173 8.30

- 27, 0.19 -17 5.98
P 696, 0.25 - 22 6.00
13N
e 31p 0.93 - 84 11.02

15,4 0.30 - 26 9.81
o 121, 0.30 - 26 8.64
Y 98¢ 1.86 -169 9.32
N 24y, 0.52 - 47 7.64

5]

’ 28g; 1.88 -170 8.15
10 7 -
iog Li 0.10 9 5.39
\j Under Ar* Bombardment with Oxygen Flooding
) 11g 1.88 -170 8.30
0 31p 0.65 - 58 11.02
3,

% T35As 0.24 -21 9.81
2%
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FIGURE CAPTIONS

o Figure 1. Influence of matrix effects on the t's of 28si.
(a) sputtering yield approach; (b) compositional
?'i: approach (Al _Ga;_;As ~ @, InP - A, InSb - @,

.

N GaP - M, GaSb - X].

Figure 2, Influence of matrix effects on the t's of 9Be.
(a) sputtering yield approach; (b) compositional

approach (Al Gay_ As - @, InP - A, InSb - @,
.\ .
3:; GaP - M, GaSb - X).

. Figure 3. Influence of matrix effects on the t's of 31p,
Q.

‘.

\i (a) sputtering yield approach; (b) compositional

> approach {Al _Ga;_ As - @, InP - A, IaSb -9,

}.\ an - .l G‘.47In.53As - +] -

Figure 4. Influence of matrix effects on the t's of 24Mg.
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(a) sputtering yield approach; (b) compositional

approach {AIxG‘l-xA‘ - @ Inp -A, InSb -9,
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PAGE 22 ;
X .
P Figure §. SINS analysis of 11p, 24!;, and TLi implants
! through an GaAs/Al Gay_,As structure. (a) depth ‘
& protiles of 11B%* (———) and 75as* (....) (interface i
(
X st 31 time units); (b) depth profiles of 24Mg* (——),
| TLi* (- - =), snd T5As* (....) (interface st 20 n
time units}.
L
|
Figure 6. SIMS analysis of a Be plateau at an
GsAs/Al 3Ga(.7)As interface. (a) the hypothetical
Be (---) {1-21X 1018 g¢om/ca3 peak conc.)} ’

and Al (—) {6.7 X 102! qtom/cm3 peak conc.) ]

structure; (b) uncorrected profile of IBe* (-~ - -) and

T5as ¢ ); (c) corrected profiles of Be (— - -)
{2 X 1018 qtom/cm3 fu1l scale) and Al (——)
{1 X 1022 stom/cmd full scale) obtained assuming a

linear concentration gradient at the interface; (d) corrected

profiles of Be (- - =) {2 X 1018 stom/cm3 full scale} and

Al ( ) {1 X 1022 gtom/cm3 full scale} obtained using
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