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Abstract—For the first time in the practice of secondary ion mass spectrometry, we obtained a nonlinear cal-
ibration curve for the ratio of the cluster and elementary secondary ions of germanium Ge,/Ge without sec-
ondary ions of silicon, which enables the quantification of germanium in Ge,Si, _ , heterostructures in the
entire range of 0 < x < 1. We developed a method for quantitative lateral analysis based on the plotting of a
lateral map of x. An algorithm to identify and analyze the lateral heterogeneity of x in Ge Si; _ , heterostruc-

tures with 3D clusters by comparing the results of depth profiling analysis, obtained using linear and nonlin-
ear calibration curves, is developed, and concentration x in the self-assembled nanoislands is determined.
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The most common approach to quantitative analy-
sis of the elemental composition of semiconductor
heterostructures by secondary ion mass spectrometry
(SIMS) is the search for linear calibration ratios that
can compensate nonlinear matrix effects. The avail-
ability of linear calibration curves of the intensity of
secondary ions (more precisely, some combination of
secondary ions) on concentration offers a very simple
and convenient procedure for processing experimental
results to determine the concentration profiles of ele-
ments and significantly decreases the number of nec-
essary test structures. The best known is the CsM*
approach, in which positive cluster ions of element M
of the matrix are recorded after sputtering by cesium
ions [1-5]. For Ge Si, _ , heterostructures, a linear
calibration curve for elementary secondary ions was
also found [2, 5—7],

Ge/Si = Kx/(1 - x). (1)

We found in recent studies [5, 8] that, for Ge,Si, _ ,
heterostructures, along with linear dependences, there
is a nonlinear relationship for cluster secondary Ge,

ions. In the range of 0 < x < 0.4, the following qua-
dratic dependence is true for the ratio of Ge,/Si:

Ge,/Si = K,(x/(1-x))". )

Equations (1) and (2) suggested another option of
nonlinear calibration, that is,

Ge,/Ge = K;x/(1—Xx), 3)

where K; = K,/K,, which was also found in [5, 8].
Dependences (2) and (3) are clearly associated with

a rather strong manifestation of matrix effects. Only
this can explain the fact that the intensity of silicon
secondary ions is not included at all in Eq. (3), and
concentration x may be searched using two different
secondary ions of germanium. Previously, we have not
seen the use of such dependences in the practice of
SIMS.

For Ge Si, _ , heterostructures with planar layers,
calibration equations (2) and (3) give concentration
profiles of x coinciding with that obtained using
Eq. (1) and differ only in a lower dynamic range of x
[5]. Therefore, the original nonlinear calibration
mode seemed something exotic. At the same time, it
was experimentally found that for Ge,Si, _, hetero-
structures with 3D nanoclusters, the linear and non-
linear calibrations gave completely different profiles of
x, and a qualitative explanation of this fact was pro-
posed [8]. In [8], heterostructures with self-assembled
Ge,Si, _, nanoislands were studied for which the size
of analyzed 3D objects in the plane of growth was
much smaller than the diameter of a probe ion beam.
In this case, germanium secondary ions appearing in
linear equation (1) only occur in regions of nanois-
lands or wetting layers, while the signal of silicon sec-
ondary ions emerges from both the islands and the
surrounding regions of pure silicon. This results in a
significant underestimation of concentration x deter-
mined by linear calibration equation (1). At the same
time, all the measured secondary ions in Eq. (3) are
determined only by the regions containing germa-
nium. We can therefore expect that, according to
Eq. (3), concentration x will always be close to the real
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Fig. 1. Dependence of the ratio of the intensities of
Ge,/Ge secondary ions on germanium concentration x
(squares) obtained with the use of test structures and (solid
line) approximating an analytical curve (Eq. (4)).

concentration in nanoislands. We have demonstrated
in [8] that it is possible to distinguish between planar
layers and layers with 3D nanoislands and to estimate
the height of the islets, the presence of a wetting layer,
etc., from SIMS measurements using Egs. (1) and (3)
without additional a priori information about the
structure. This gives more information about the mul-
tilayer heterostructures with clusters in the depth pro-
filing analysis by SIMS.

However, nonlinear calibration equations (2) and
(3) derived in [5, 8] were limited by a narrow concen-
tration region of 0 < x < 0.4, which left the question of
whether such an approach is universal for structures
with arbitrary x. The reason for the differences
between the value of x measured in nanoislands (x =
0.22—0.25) and the real value of x, which was approx-
imately 0.4 for the mode of islet growth used in [8],
also remained unclear. The goal of the present Letter
is to clarify these issues. A new calibration equation
will be obtained experimentally for the ratio of second-
ary ions of Ge,/Ge for the entire range of 0 < x < 1.
In order to determine the actual concentration x in
nanoislands, a method for the quantitative lateral
analysis of x distribution—lateral mapping of x—will be
developed using the above equation.

We used a TOF.SIMS-5 secondary ion mass spec-
trometer in this study to analyze the semiconductor
structures. Probing was conducted by bismuth ions
with an energy of 25 keV and a beam current of 1 pA
scanning in a raster of 128 X 128 pixels. Each pixel cor-
responded to one pulse of bismuth ions. Sputtering
was performed by cesium ions with an energy of 1 keV
and a beam current of 50 nA. Two structures of
Ge,Si, _,/Si, A and B, were used for the quantitative
calibration; each structure consisted of three Ge,Si, _ ,
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layers 200 nm in thickness with different concentra-
tions of x: 0.09—0.29—0.47 for Structure A and 0.21—
0.41—-0.58 for Structure B [5, 8]. Structure C with a
layer of Geg 13Siy5, 500 nm in thickness grown on a
substrate of germanium Ge(001) was additionally used
for the calibration, which made it possible to expand
the calibration range up to x = 1. To demonstrate the
possibility of the quantitative analysis of the lateral dis-
tribution of germanium, we investigated Structure D,
which included 20 layers of Ge(Si) self-assembled
islands, separated by layers of silicon. This structure
specifically was analyzed in our study [8].

Figure 1 shows the dependence of the ratio of sec-
ondary ions Ge,/Ge on germanium concentration x; it
is approximated by an analytical curve, a second-order
polynomial, that is,

Ge,/Ge =1.206x +1.735x". 4)

In contrast to [5, 8], where only the main isotopes
of germanium "Ge and '*°Ge, were used, in this study,
we operated the sum of all isotopes of Ge and Ge,,
which enhanced the intensity of the secondary ions by
three to four times. This was especially important for
the regions of low concentrations of germanium. The
result is a rather high degree of correlation of the
experimental data and the approximating polynomial;
the correlation coefficient is R = 0.99993. The accu-
racy achieved by almost two orders of magnitude
greater than the accuracy of Eq. (3) in [8]. Using
Eq. (4), concentration x can be determined analyti-
cally from the results of measurements of the intensity
of secondary Ge and Ge, ions throughout the entire
range of 0 < x < L

The profiles of x for the first two layers of the sur-
face of nanoislands in Structure D obtained by cali-
bration equations (1) and (4) are presented in Fig. 2. It
is seen from Fig. 2a that concentration x at the maxi-
mum of the profile determined by nonlinear calibra-
tion equation (4) significantly exceeds the results
obtained by the linear calibration. At the same time, as
already mentioned, the maximum value of concentra-
tion x ~ 0.22 determined from the nonlinear calibra-
tion curve is lower than the actual concentration in the
islands, which amounts to x ~ 0.4. In our opinion, the
reason for this discrepancy is as follows. In plotting a
depth profile of x by Eq. (4), the intensity of Ge, and
Ge secondary ions from all regions containing germa-
nium, such as islands of wetting layers and individual
clusters and regions of Ge,Si, _ , formed either during
growth of the multilayer structure or as artifacts of the
depth profiling are summed in a raster of probe bis-
muth ions. Therefore, the profile of x reflects the inte-
grated concentration in all regions containing germa-
nium; complete information on concentration x in
some areas can only be obtained from the lateral map
of x distribution in the layer of nanoislands.

In this study, a new approach to plotting a quanti-
tative lateral map of germanium concentration is
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Fig. 2. (a) Concentration profile of germanium in the first two layers of the surface of nanoislands in Structure D obtained using
two different calibration curves: (/) linear dependence of Ge/Si and (2) nonlinear dependence of Ge,/Ge; vertical lines show the
region of nanoislands, quantum dots. (b) Lateral distribution of concentration x for nonlinear calibration curve (Eq. (4)) in one
of the horizontal sections of the raster. (c) Histogram of the distribution of concentration x for the nonlinear calibration curve
over the pixels of lateral raster.
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Fig. 3. Lateral distribution of concentration x for the linear calibration curve in one of the horizontal sections of the raster.

developed. All the necessary experimental data con-
tained in the files of depth profiling of the
TOFE.SIMS-5 instrument, including a full mass spec-
trum of each of the 128 X 128 pixels for each of the ras-
ters of the probe beam for the full time of analysis. The
intensity of Ge and Ge, secondary ions in one pixel is
small; therefore, the lateral images of several tens of
rasters were summed so that the signal was at least ten
times greater than noise. In this way, we obtained the
lateral images of secondary ions of Si, Ge, and Ge,,
including all isotopes used for calibration in Egs. (1)
and (4). These images were exported from the
TOFE.SIMS-5 program as *.txt files; the lateral image
of concentration x in the raster of probe bismuth ions
was plotted based on these data. One of the horizontal
sections of this image is shown in Fig. 2b, and Fig. 2¢c
shows a histogram of concentration x distributions
over the number of pixels of the raster. The image was
obtained for the layer of nanoislands, marked in Fig. 2a
by vertical lines. As follows from Fig. 2b, the range of
changes in the germanium concentration in the growth
plane is from 0 to 0.43. In the histogram in Fig. 2c, there
are two peaks: in the region of x ~ 0.4 and near x ~ 0.1.
It is natural to assume x = 0.43 to be the concentration
of germanium in the islands, that is, the regions with
its highest concentration on the surface. Average con-
centration x in nanoislands is, as shown in Fig. 2¢, x ~
0.4. The second maximum of x ~ 0.1, apparently, cor-
responds to the germanium concentration measured
in a thin wetting layer. This value, in our view, is below
the real concentration, because the depth resolution
(2—3 nm) is insufficient for analysis of the wetting
layer with a thickness of less than 1 nm [8, 9], and, at
this time, the concentration cannot be measured more
accurately. It is noteworthy that the lateral map of x is
of rather rugged nature, with sharp changes from zero
to maximum (Fig. 2b). This is definitely related to the
ratio of the lateral scales of nanoislands (0.1—0.15 pm)
and the diameter of the beam of probing bismuth ions
(2—3 pm). Therefore, the characteristic lateral scale of
the resulting map of x is consistent with one pixel in
the raster of bismuth ions rather than determined by
the actual size of nanoislands.
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The lateral map of x obtained using a linear calibra-
tion relationship (Fig. 3) gives a completely different
low result: the value of x varies from 0.01 to 0.1, while
the average value of x is approximately 0.04. It is clear
that the reason for this difference from the result
obtained by the nonlinear calibration dependence is
the same as already discussed for the profile of x.

Thus, we obtained for the first time a nonlinear
calibration curve for the ratio of the cluster and ele-
mentary secondary ions of germanium Ge,/Ge, with-
out secondary ions of silicon, which enables quantifi-
cation of germanium in Ge Si, _ , heterostructures in
the entire range of 0 < x < 1. The algorithm for identi-
fying and analyzing the lateral heterogeneity of x in
Ge,Si, _, heterostructures with 3D clusters by com-
paring the results of depth profiling obtained using
linear and nonlinear calibration curves obtained ear-
lier in [8] is developed. The linear calibration curve
includes the normalization for silicon secondary ions
and significantly understates the concentration of ger-
manium in nanoislands. The depth profiling using the
ratio of Ge,/Ge gives a much more accurate result for
x in nanoislands, because it involves secondary ions
only from the areas containing germanium. The
method of quantitative lateral analysis of the map of x
proposed in this work gives an even more detailed
information on laterally inhomogeneous structures.
For heterostructures with nanoislands, the most
important statistical characteristics of arrays of
nanoislands can be found, such as a characteristic
concentration x in the islands and the presence of
additional maxima in the histogram of x distribution
over the pixels, associated with the wetting layer.
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