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ABSTRACT

The continuous technological development of electronic devices and the introduction of new materials lead to ever greater demands on
the fabrication of semiconductor heterostructures and their characterization. This work focuses on optimizing Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) depth profiles of semiconductor heterostructures aiming at a minimization of measurement-
induced profile broadening. As a model system, a state-of-the-art Molecular Beam Epitaxy (MBE) grown multilayer homostructure
consisting of "*Si/?Si bilayers with only 2 nm in thickness is investigated while varying the most relevant sputter parameters. Atomic
concentration-depth profiles are determined and an error function based description model is used to quantify layer thicknesses as well
as profile broadening. The optimization process leads to an excellent resolution of the multilayer homostructure. The results of this opti-
mization guide to a ToF-SIMS analysis of another MBE grown heterostructure consisting of a strained and highly purified 2Si layer
sandwiched between two Sip;Gey 3 layers. The sandwiched 28Si layer represents a quantum well that has proven to be an excellent host
for the implementation of electron-spin qubits.
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1. INTRODUCTION applications and constantly progressing miniaturization, the
Semiconductor heterostructures, i.e., materials with semicon- demands on the precision of heterostructures are increasing.”'m

ducting properties brought in direct contact with each other, are The use of laser annealing, for example, is being discussed in order
essential building blocks of modern electronic and optoelectronic ~ t0 avoid heating up the active region of the spin qubit devices

devices. Combined into integrated circuits, they are the basis of during fabrication,”’ which leads to diffusional broadening of
almost all current information-processing devices, rendering appli- interfaces.
cations such as solar cells, semiconductor lasers, or light-emitting The technology development as well as fabrication control
diodes possible.' ™ Furthermore, the realization of a quantum com- require proper analytical support. In particular, the determination
puter based on semiconductor heterostructures is also a part of the of the material composition, the layer thickness, and the intermix-
current research study.””'® With this advent of quantum technology ing between the individual layers are of prime importance, since
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they have a decisive effect on the performance™ and the service life
of the devices. Several analytical methods are available for this task.
A common technique is Scanning Transmission Electron
Microscopy (STEM) imaging in combination with Energy
Dispersive X-Ray Analysis (EDX) for the determination of the
chemical composition. Based on the information carried by sec-
ondary electron contrasts, it offers high lateral resolution in the
nanometer range and a sensitivity of about 0.1%.”° Another
method that can be used for composition analysis is Atom Probe
Tomography (APT). Based on field ionization and evaporation of
atoms from a needle-shaped specimen, it offers sub-nm resolution
in three dimensions and sensitivity in the ppm range.”” In the case
sub-nm resolution in three dimensions is not required, a widely
used technique for one-dimensional depth profiling is Secondary
Ion Mass Spectrometry (SIMS). Primary ions are used for sputter-
ing the sample, which causes the emission of secondary ions from
the sample. Using a Time-of-Flight mass spectrometer for mass
analysis of the secondary ions (ToF-SIMS), depth resolutions of
about 1nm and high sensitivities in the ppb range can be
achieved.”* Since no special preparation of the samples is necessary,
SIMS is generally suitable for routine analysis of semiconductor
heterostructures. The sputter process has already been widely
studied””™*” and various approaches to minimize the sputter-related
effects that limit the depth resolution by controlling individual
measurement parameters have been presented.”*' However, the
measurement conditions must be properly chosen for each material
system to be studied in order to prevent the profile from broaden-
ing due to sputter-related effects such as atomic mixing and rough-
ening of the sample surface. This work focuses on optimizing
ToF-SIMS depth profiles of semiconductor heterostructures in
favor of depth resolution by combining the most promising
approaches. Using a test structure that consists of alternating
natural Si and ?8Si layers each 2 nm in thickness, the influence of
the main parameters is demonstrated and quantified. Then, a 28Si
quantum well structure sandwiched between SiGe layers is analyzed
by ToF-SIMS utilizing optimized instrumental settings that also
consider measurement time without significant loss of depth
resolution.

Il. EXPERIMENTAL

ToF-SIMS depth profiles were recorded on two different
samples grown by means of Molecular Beam Epitaxy (MBE).
Sample #1 schematically shown in Fig. 1(a) was used as a test
structure to study the influence of various instrumental parame-
ters on profile broadening. It consists of four "*Si/*®Si bilayers
that were deposited onto a "*Si buffer layer on top of a
"a'Gi (001) substrate wafer. Every single layer of the test structure
is nominally 2 nm thick. The sample is well suited for several
reasons: First, silicon has been extensively studied and is the most
common material for semiconductor heterostructures. On the
other hand, by controlling the isotopic composition, a well-
defined concentration profile of only a single chemical compo-
nent is obtained. The latter is particularly advantageous since the
same chemical properties of the sample components lead to
mainly the same sputtering properties and matrix effects are
therefore negligible.
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FIG. 1. Schematics of the analyzed samples. (a) Sample #1: a homostructure
consisting of four "Si/?Si bilayers was deposited onto a "Si buffer layer on
top of a ™ISi substrate wafer by means of Molecular Beam Epitaxy (MBE).
(b) Sample #2: a Sig7Geq3/2Si/Siy7Gey 3 heterostructure, protected from atmo-
spheric oxygen by a "Si cap layer was deposited onto a strain-relaxed graded
buffer up to a composition of Sip7Geg.3 on top of a "Si substrate wafer. The
highly purified and tensile strained 2Si layer represents an electron-spin
quantum well.*?

Sample #2 schematically shown in Fig. 1(b) represents a semi-
conductor heterostructure that consists of a highly purified and
tensile strained 28Si layer sandwiched between two Sig7Gey 3 layers.
The upper Sip;Geg s layer is protected from oxidation in air by a
"aSi cap layer. The layer stack was deposited onto a strain-relaxed
graded buffer up to a composition of Sig;Gey; on top of a "*Si
substrate wafer.”>’* The nominal thicknesses are 1.5 nm for the cap
layer, 45 nm for the upper Siy7Gey 3 layer, 12 nm for the %Si layer,
and 600 nm for the lower Sip;Gey 3 layer of constant composition.
The growth temperature was 450 °C. In this configuration, the 28Si
layer represents a quantum well that is an excellent host for the
implementation of electron-spin qubits.”'*'®*>** In both samples,
the concentration depth profiles of the host elements were recorded
using an IONTOF TOFE.SIMS® instrument in dual-beam mode.””**
For sputtering, a low energy OF ion beam provided by a Dual
Source Column (DSC) was used. (The OF ion beam stabilizes the
ion yield and makes it independent of oxygen in the residual gas.
As it is known that sputtering using OF ion beams can induce
additional roughness,”” the topography of the sputtered area was
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analyzed by means of Atomic Force Microscopy.) A small area at
the center of the sputter crater was analyzed using a dedicated high
energy Bil ion beam, provided by a Liquid Metal Ion Gun
(LMIG). This approach offers the selection of sputtering and analy-
sis conditions independent of each other.

In a variation study, the instrumental setting was optimized
for minimal profile broadening when analyzing structures with
only a few monolayers in thickness. Using sample #1, several depth
profiles were recorded while varying sputter and analysis parame-
ters. Care was taken to isolate the influence of the individual
parameters. However, this was not possible in all cases, as, e.g., the
choice of the analysis species, e.g., directly lead to changes in
sputter yields. Nevertheless, the data will allow us to get useful
guidelines for experimental purposes. All measurements carried out
as part of the variation study are summarized in Table I together
with the respective conditions. For reference purposes, an instru-
mental setting used for routine analysis of semiconductor hetero-
structures with a few nm in thickness was applied first. Sputtering
was performed using a O ion beam with 500 eV kinetic energy
and a current of 81 nA, rastered over an area of 300 x 300 um?. A
Bij ion beam with 15keV kinetic energy and a current of 1.5 pA,
was rastered over an area of 100 x 100um? in the center of the
sputter crater for analysis. The sample environment was flooded
with oxygen gas in a controlled manner to ensure a completely oxi-
dized sample surface throughout the measurement. This primarily
avoids sputter-induced roughening that can occur due to different
sputter rates of Si and its oxide and shortens the time to reach
sputtering equilibrium.””” In addition, the presence of oxygen
increases the ionization rate of cations, resulting in higher ion
yields and therefore higher sensitivities. Details on the influence of
oxygen flooding on the performance in depth profiling were dis-
cussed by Ng et al.”” As a reference, the partial pressure of oxygen
was set to 2 x 107 mbar. Secondary ions of positive polarity were
analyzed. These settings, referred to below as standard measuring
conditions (SMCs), represent a compromise between mass resolu-
tion, lateral resolution, depth resolution, and measurement time. In
a series of measurements, the instrumental parameters were opti-
mized in favor of depth resolution. First, the influence of the flood

ARTICLE pubs.aip.org/aip/jap

gas pressure, the primary ion current of the analysis beam, and the
primary ion species used for analysis were investigated. Finally,
the sputtering conditions were optimized, with the energy of the
sputter beam being the essential parameter. Changing one parame-
ter was followed by the acquisition of a new depth profile, respec-
tively, before the parameter was reset and another parameter was
addressed. The sputter time was converted into a depth scale by
measuring the depth of the sputter crater using an IONTOF
Atomic Force Microscope (AFM) based mechanical profilometer,
which offers a wide scan range. After calibrating the profilometer
using a step height standard (VLSI Standards Inc., model:
nSHS-8800C), the crater depth was determined as the arithmetic
mean of ten measurements with a standard deviation of about
0.1 nm. The intensities were converted into a concentration scale
referring to the isotopic distribution in "*Si.**

Depth profiling of the semiconductor heterostructure
(sample #2) was performed using a OF ion beam with 500 eV
kinetic energy and a maximum current of 40 nA for sputtering,
rastered over an area of 300 x 300um?. A Bi ion beam with
15 keV kinetic energy and a current of 1.5 pA was rastered over
an area of 75 x 75um? in the center of the sputter crater for anal-
ysis. Oxygen gas flooding was used with the partial pressure being
1 x 10° mbar. Secondary ions of positive polarity were analyzed.
The sputter time was converted into a depth scale by measuring
the depth of the sputter crater using an BRUKER DektakXT
mechanical profilometer. After calibrating the profilometer using
a step height standard (Veeco, model: 138 367), the crater depth
was determined as the arithmetic mean of three measurements
with a standard deviation of about 2.4 nm. The intensities were
converted into a concentration scale considering the isotope dis-
tribution in the Sig;Gegs layers, which was determined based
on the isotope distributions®® and the atomic densities’® of "#Si
and "Ge.

The broadening and the layer thickness were determined by §

fitting a model function that has been widely used for the analysis
of self-atom profiles and its broadening in semiconductor
heterostructures.””™* Every interface was assumed to be described
by an error function. Following this approach, the concentration

TABLE 1. Overview of all SIMS analysis conditions applied for Si depth profiling of sample #1. SMC: standard measuring conditions, X;: ion species, E;: beam energy, |- beam
current, Dj: ion dose, Y;: estimated sputter yield®® at an angle of incidence (45°), Aj: rastered area, Tj: sputter time, p: partial pressure of the flood gas, wherem j=sp represents
the sputler beam and j = an the analysis beam. A 1 symbol indicates an increase and a | symbol |nd|cates a decrease in the respective parameter.

Esp Isp Dsp Asp Eun Iun Dun Aun Tsp/ P
Variation X;, (eV) (nA) (x10') Y um? X, (keV) (pA) (x10°) Y. (um?) Tan (mbar)
SMC 0 500 81.0 506  0.65 300x300 Bif 15 15 936 452 100x100 1:1 2x107°
1 0, 500 81.0 506  0.65 300x300 Bif 15 1.5 936 452 100x100 1:1 4x107°
pl 0F 500 81.0 506  0.65 300x300 Bif 15 15 936 452 100x100 1:1 5x1077
Lint 0y 500 81.0 506  0.65 300x300 Bif 15 12.8 79.9 452 100100  1:1 2x107°
Lin 05 500 81.0 506  0.65 300x300 Bif 15 0.2 125 452 100x100 131 2x107°
Ko 07 500 81.0 506  0.65 300x300 Bij 15 0.9 562 822" 100x100  1:1 2x107°
E,l 05 250 20.0 11.2 0.32 300x 300 Bi; 15 15 84.4 452 100x100  1:1 2x107°
Optimized 0+ 250 16.2 12.1 0.32 300x 300 Bi; 13 15 461 426 75x75 241 2x10°°

*There is no literature reference on the sputter yield of Bij .

Assuming that the three cluster atoms impact individually and thus ignoring any non-linear or

cooperative effects, we estimated the sputter yield by using thrice the value of 5 keV Bif".
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profiles C* (3Si, 2%Si, *°Si) of sample #1 are described by

*_C1+C3 C]*Cz / i zZ—Z
C=—"—"+" ;(l)erf< ri)

+C3;C2erf<z_zs), (1)

g

where C; is the concentration of a Si isotope in the "*Si layers, C,
is the concentration in the isotopically purified 2Si layers, C; is the
concentration in the "Si buffer layer, r; describes the broadening
of interface i, counted starting at the sample surface, and z; with
Ziyj = 2 + Ziy1 + - -+ + ziyj_1 stands for the layer thickness. Fitting
was done by applying the least square method, using r;, z; and C,
as free parameters. The concentration profiles C* (8si, 2si, 30si,
0Ge, "2 Ge, >Ge, "*Ge, 7°Ge) of sample #2 are described by

Intensity (Counts)

1 02 . 1 , | L 1 .
0 100 200 300 400

c - G+G G -G erf(z - Zl) I G-G erf (Z - Zz> , Sputter time (s)
2 2 r 2 1

(2) FIG. 2. SIMS depth profiles of 2Si, 2Si, and *Si in the four-bilayer "Si/8Si
test structure. Measurement conditions: O, 500V, 81nA, 300 x 300 m?
where C; is the concentration of a Si or Ge isotope in the upper sputtering; Bii", 15keV, 1.5pA, 100 x 100um? analysis; Op,2 x 107° mbar
Sip7Geg 3 layer, G, is the concentration in the isotopically purified flooding.
288i quantum well, C; is the concentration in the lower Sij;Geg3
layer, r; describes the broadening of interface i, counted starting at
the sample surface, and z; with 2; =2 +2zip1 + -+ 2 1. Influence of the flood gas pressure
stands for the layer thickness, respectively. Fitting was done apply- ) ] ] )
ing the least square method, using r;, z;, and C; as free parameters. Us61ng oxygen gas flooding with a partial pressure of &
A Park Systems XE-100 Atomic Force Microscope (AEM) was 2.>< 107" mbar, the %OSi signal was d.etected with maxiril(:lm inten-
used for topography analysis on both samples (#1 and #2). Using a sity. When the partial pressure was increased to 4 x 10~ mbar, no
NSCI5 tip, an area of 8 x 8um? was scanned in non-contact significant influence on the measured profile was observed. In
mode. AFM analysis was performed on the sample surface and in
the crater resulting from the ToF-SIMS measurements.
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A. Depth profiling of a test homostructure—A
parameter variation study
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The results of the measurement using standard measuring
conditions are shown in Fig. 2. Profiles of all three stable Si iso-
topes are shown. The measured ?Si and *'Si intensities show a
clearly visible modulation. A similar modulation is observed for the
measured 23Si intensity, but with smaller differences between local
minima and maxima of the measured intensity compared to the
2Si and *Si signals that are not visible on the logarithmic scale.
The reason is smaller differences in the 28Si concentration between
the ™!Si layers and the purified 28Si layers in comparison to the i
2Si concentration and the °Si concentration resulting directly 1 L i L
from the isotopic distribution of "'Si. For the parameter variation 10
study, the 3°Si signal was selected because it is less affected by inter- 28.96 29.00  29.96 30.00
ference with hydrates compared to the ??Si signal, especially in the m / z m / z
near-surface region. As shown in Fig. 3, the #Si peak is observed in
overlap with a SiH peak (a), while the 3°Si peak (b) appears
much steeper. The interference of 2°Si and 2¢SiH leads to an overes-
timation of the 2?Si concentration within the first few nm in Fig. 2,
which is not observed for *°Si.

—
S
[O5]

Intensity (Counts)

FIG. 3. Sections of the mass spectrum of the test structure. On the right side of
the 2Si peak, an interference with 2SiH is observed (a), while the right side of
the 30Si peak (b) appears much steeper.
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contrast, a reduction in the partial oxygen pressure leads to a clearly
stronger profile broadening (not shown as a figure) followed by an
increase in secondary ion intensity during the first few nm. This
suggests an increasing concentration of *°Si within the uppermost
"Si layer. This is related to the reaction rate of the oxidation
process.”” Below a partial pressure of 2 x 107 mbar, the maximum
reaction rate for the oxidation of the sample surface is not reached
and implantation of oxygen into the sample surface during the
sputter process leads to an increasing ion intensity, until the sputter
equilibrium is reached, thereby suggesting an increased concentration
of °Si. A partial pressure of 2 x 107 mbar is considered to be suffi-
cient to establish equilibrium conditions after short sputter times
and accordingly was kept for the following measurements.

2. Influence of the analysis beam current

The ion current of the analysis beam has a noticeable influ-
ence on the profile: increasing the ion current leads to higher inten-
sities but lower dynamic range and visible profile broadening,
which increases with depth as shown in Fig. 4(a). These effects are
caused by the larger number of high-energy ion collisions, resulting
in strong atomic mixing and damage of the sample structure that
accumulates with depth. (Further explanations considering the
sputter rate ratio are given in Sec. III A 4.) In contrast, decreasing
the ion current extends the dynamic range and lowers the profile
broadening, but also leads to stronger scattering of the data, as
shown in Fig. 4(b). The statistical uncertainty of the data scales
with +/N/N where N describes the measured ion intensity
(counts). Reducing the primary ion current directly leads to lower
secondary ion intensities, resulting in lower accuracy of the data.
Therefore, decreasing the primary ion current does not improve
the profile quality any further, compared to the SMC profile.

3. Influence of the analysis beam species

Theoretically, the use of Bi instead of Bi;” should be advanta-
geous for depth resolution. Bij is a cluster ion that dissociates
when it hits the sample surface, whereby each of the individual Bi
atoms deposits only a fraction of the total beam energy near the
point of impact. This leads to a broader distribution of total energy
and should confine the bombardment-induced atomic mixing to a
smaller volume. The extent of this confinement has been discussed
in the SIMS community for many years.”* However, the energy dis-
tribution during ion impact is a complex process and the actual
energy deposition can vary significantly depending on the ion
surface interaction dynamics. Under the specific working condi-
tions in this study, the use of Bij clusters showed no visible effect
in improving the depth resolution compared to Bij, as shown in
Fig. 5.

4. Influence of the sputter beam energy

It is well known that the energy of sputtering ions is crucial
for depth resolution in sputter depth profiling and effects that lead
to profile broadening general scale with the sputtering energy.
Therefore, reducing the sputtering energy is obvious while optimiz-
ing the analysis conditions for minimal profile broadening. In
Fig. 6(a), a profile acquired reducing the sputtering energy from

ARTICLE pubs.aip.org/aip/jap
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SMC, 30si
L 1,39Si

| (@)

Concentration (x 102 cm—3)
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Depth (nm)
>0 " (b) SMC, 30Si
» In 1, 30Si

Concentration (x 102 cm™3)

1 . 1 . | . 1 . ! .
0 4 8 12 16 20

Depth (nm)

FIG. 4. SIMS concentration-depth profiles of Si in the four-bilayer "Si/?Si
test structure, recorded under different experimental conditions. Plus signs mark
data points recorded under standard measuring conditions (O3, 500 eV, 81 nA,
300 x 300um? sputtering; Bii", 15keV, 1.5pA, 100 x 100um? analysis; Oy,
2x10~® mbar flooding). Crosses mark data points recorded with the analysis
beam current increased to 12.8 pA (a) and decreased to 0.2 pA (b), respectively.
Every third data point is shown for clarity. The solid lines represent the best fits
based on Eq. (1) taking sputter broadening effects into account. The relative
statistical uncertainties +/N/N, where N describes the measured ion intensity
(counts), vary between 0.02 and 0.04 (SMC), 0.008 and 0.011 (/», ), and 0.06
and 0.12 (lan |), respectively.

500 to 250 eV is shown in comparison to the SMC profile. Instead
of an improvement in profile quality, a lack of dynamic range and
strong profile broadening that increases with depth is observed.
The profile shows some similarities to the profile acquired after
increasing the primary ion current [Fig. 4(a)] suggesting a similar
reason, i.e., structural damage caused by the high-energy analysis
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FIG. 5. SIMS concentration-depth profiles of Si in the four-bilayer "Si/8Si
test structure, recorded under different experimental conditions. Plus signs mark
data points recorded under standard measuring conditions (O, 500 eV, 81 nA,
300 x 300um? sputtering; By, 15keV, 1.5pA, 100 x 100um? analysis; Oy,
2 x10~® mbar flooding). Crosses mark data points recorded using a Bij cluster
ion beam with a current of 0.9 pA for analysis compared to the reference condi-
tions. Every third data point is shown for clarity. The solid lines represent the
best fits based on Eq. (1) taking sputter broadening effects into account. The
relative statistical uncertainties \/N/N, where N describes the measured ion
intensity (counts), vary between 0.02 and 0.04 (SMC) and 0.03 and 0.04 (Xp),
respectively.

beam. While increasing the ion current enhances collision-induced
atomic mixing, reducing the sputtering energy primarily affects
(lowers) the ion penetration depth and surface atom mobility,
which leads to significantly slower material removal. However, if all
other parameters, in particular, the number of analysis cycles
between two sputtering cycles is kept constant, the high-energy
analysis beam hits the sample much more often before the profile
has been fully recorded. Note that the number of data points in the
profile Ey, | is significantly higher compared to the SMC profile
[Fig. 6(a)]. The higher dose of high-energy primary ions leads to
the observed structural damage. This shows while reducing the
sputtering energy, the contribution of the analysis beam to the
material removal has to be taken into account. The amount of
material removed by both, the sputter and analysis beam, is
described by the sputter rate ratio R*. It is defined by

&.&.% (3)

Ran Dan Yun ASP

szﬁ

where D; is the ion dose, Y; is the yield, and A; is the rastered area
of the sputter beam (j =sp) and the analysis beam (j = an),
respectively.’>*> According to experimental data,” a limit value for
significant loss of depth resolution is R* ~ 500, while an improve-
ment of depth resolution with increasing R* is observed up to
R* = 1000. Below the lower limit, the material removal is no longer
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FIG. 6. SIMS concentration-depth profiles of *°Si in the four-bilayer "!Si?Si test
structure, recorded under different experimental conditions. Plus signs mark data
points recorded under standard measuring conditions (O;, 500eV, 81nA,
300 x 300um? sputtering; Bif”, 15keV, 1.5pA, 100 x 100um? analysis; O,
2x 107 mbar flooding). Crosses mark data points recorded with a sputter beam
energy decreased to 250 eV reaching a maximum beam current of 20 nA. (a) The
sputter rate ratio was not taken into account and were calculated to be 104. Every
third (SMC) and every 40th (Es, |) data point is shown for clarity. (b) The sputter
rate ratio was taken into account (Bif", 13keV, 75 x 75um? analysis; sputter time
between consecutive analysis cycles extended) and calculated to be 1233. Every
third data point is shown for clarity. The solid lines represent best fits based on
Eq. (1) taking sputter broadening effects into account. The relative statistical uncer-
tainties /N//N, where N describes the measured ion intensity (counts), vary
between 0.02 and 0.04 (SMC and Eg, |) and 0.03 and 0.06 (Opt.), respectively.

dominated by the sputter beam and structural damage caused by
the analysis beam can accumulate during the measurement.

For the profile E, | in Fig. 6(a), the sputter rate ratio R* was
calculated to be 104, which is well below the limit for significant
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loss of depth resolution. In order to successfully perform depth
profiling with low energies, the sputter rate ratio must be brought
to the upper limit, i.e., it must be ensured that the material removal
of the sputter beam is high enough to ignore the influence of the
analysis beam. Therefore, the sputtering time between successive
analysis cycles was significantly increased by a factor of 24 affecting
the sputter rate ratio positively. The effect was expected to be high
enough so that the analysis area could be decreased to
75 X 75um?, which generally affects the sputter rate ratio nega-
tively. Additionally, the analysis beam energy was reduced to
13 keV affecting the sputter rate ratio positively due to a lower ion
yields Y,, and might reduce atomic mixing during analysis.
However, the effect will be small as the energy was only changed
by 13 %. Overall, the resulting sputter rate ratio was calculated to
1233, which is well above the upper limit. In the profile shown in
Fig. 6(b), a larger dynamic range and significantly reduced instru-
mental broadening is observed.

For comparison, the sputter rate ratios were calculated for all
recorded profiles and summarized in Table II. In case of I,, T and
Ey, |, the limit of R* ~ 500 was not reached. All further measure-
ments revealed a sputter rate ratio of R* > 500. For the SMC
profile, as well as the profiles p |, p T, and X,, the respective

sputter rate ratios of 864 and 791 are well above the lower limit of

* /500, but still below R* ~ 1000 indicating room for optimiza-
tion. The highest sputter rate ratio of 6468 was determined for the
profile I, |, but the profile Ej,* | that revealed a sputter rate ratio
of 1232 shows higher depth resolution [cf. Figs. 4(b) and 6(b)].
This confirms that the sputtering rate ratio determines the depth

resolution only up to R* ~ 1000 and beyond the sputtering energy
is dominant.

5. Evaluation of the fit results

The results for the fit parameters 7; that describe the interfacial
broadening of sample #1 are graphically shown in Fig. 7. The

TABLE Il. Sputter rate ratios R* and average changes in the interfacial broadening
@r; compared to the standard measuring conditions (SMCs) profile. Positive values
indicate an increase, while negative values indicate an improvement in interfacial
broadening. p: partial pressure of the flood gas, /: beam current, X;: ion species, E;.
beam energy, wherein j=sp represents the sputter beam and j=an the analysis
beam. A 1 symbol indicates an increase and a | symbol indicates a decrease in
the respective parameter. n.d.: value not determined.

ori %) ori (%) o (%)

Variation Figure R* i=1,3,5,7 i=2,4,6,8 i=1,...8
SMC 4-6 864 0 0 0
1 864 -9 +3 -3
pl 864 +33 -9 +12
In? 4(a) 101 n.d. n.d. n.d.
Lnl Ab) 6468 -6 -9 -8
X, 5 791° ) ) )
Ey, | 6(a) 104 n.d. n.d. n.d.
Optimized  6(b) 1232 28 —26 —27

*Note that the given sputter rate ratio is a rough estimate since the sputter

yield of Bij is not exactly known (see Table I).
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FIG. 7. Graphical presentation of the parameters r; that describe the broadening
of the interfaces, determined by fitting Eq. (1) to the experimental profiles of the
test structure. (a) Broadening of the "¥Si/Si interfaces; (b) broadening of
the 28Si/"!Si interfaces. The error bars indicate the uncertainty of the fit. For the
filled squares, the error bars are the same size or smaller than the symbols.

broadening of the topmost Si/*Si interfaces [Fig. 7(a)] was deter-
mined to be slightly smaller than the broadening of the bottom
88i/Si interfaces [Fig. 7(b)], i.e., the topmost Si/?8Si interfaces seem
slightly sharper than the bottom 23Si/Si interfaces. Note that the
same symbols appear higher on the broadening scale in Fig. 7(a)
than in Fig. 7(b). For all measurements performed using a sputter-
ing energy of 500 eV, broadening of deeper Si/?*Si interfaces was
determined to be constant within the uncertainty of the fit.
However, the uppermost Si/*Si interface (r;) appears more broad-
ened (e.g., crosses in Fig. 7), due to transient changes in the
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sputtering and ionization yield, which occur before the sputtering nat g layers
equilibrium has been established. In the case of a lowered flood gas
pressure (p |), even deeper interfaces are influenced by changing 2.5 \ l
ionization vyields, resulting in a strong broadening [note the (a) SMC ++ pl P Xan
decreasing trend of the crosses in Fig. 7(a)]. For the measurement pr e Iyl Opt. =
performed using a sputtering energy of 250 eV (Opt.), the broaden- —
ing increases slightly with depth [note the increasing trend of the S ¢
filled squares in Figs. 7(a) and 7(b)]. In this case, the sputtering = ? E
equilibrium is reached before the topmost Si layer has been % 20 | { } |
completely sputtered. S ’ I %
The broadening of the 23Si/Si interfaces [Fig. 7(b)] seems to ':f) i I n
be slightly increased with depth, using a sputtering energy of ﬁ _ - ] .
500 eV as well as 250 eV. However, a sputtering energy of 250 eV x X
generally leads to the smallest broadening, both for the Si/?®Si " *
interfaces and for the 28Si/Si interfaces [note that filled squares
are the lowest in Fig. 7(a) and 7(b). The error bars indicate that 1.5
reduced instrumental broadening correlates with higher fitting X1 X3 X5 X7
accuracy. .
A summary of the average changes in the interfacial broaden- Fit parameter
ing is given in Table II. Reducing the partial pressure of the flood
gas (p |) led to a significantly increased broadening of the Si/?Si 28gi layers
interfaces (33 %), resulting in an average increase in the broadening
parameter r by about 12 %. Increasing the partial pressure (p T) or 2.5 ‘ '
using cluster ions for analysis (X,,) had no significant impact, (b) SMC e p Xan
while reducing the primary ion current (I, |) led to a slightly less ptre Iyl Opt. H
broadened profile. The greatest impact has the sputtering energy: -~ '
while sputtering with 250 eV (Opt.), every interface appears signifi- é ]
cantly steeper than under standard measuring conditions, resulting > T = L] . E
in an average reduction of the broadening parameter r by about 5 20+ 1 ) T X 18
27 %. This improvement in broadening coupled with the high 8 T m I El
fitting accuracy confirms that the profile Opt. is, as expected, .8 t t I 2
closest to the true profile of the test structure within the parameter ﬁ I (] 3 5
space explored in this study. 3 $ g
The fit parameters x; that describe the layer thickness of [} 2
sample #1 are graphically shown in Fig. 8. In the case the Z
primary ion current is reduced (I,, |), the primary ion species is L5
changed (X,,) and the gas pressure of the flood gas is increased X2 X4 X6 X8
(p 1), the "Si layers were determined to be slightly thicker than .
tﬁe 28Si layers [)j[he respective symbols appefr }z,igher on the Fit parameter
thickness scale in Fig. 8(a) than in 8(b)]. In the case the flood
gas pressure is reduced (p |) and the sputtering energy is FIG. 8. ({3rgphicall presentation of the parameztser§ X;, that describe the thickness
reduced (E* |), the "Si layers were determined to be slightly of the ™Si (x; with i =1, 3,5, 7) and the “*Si (x; with / = 2, 4, 6, 8) layers,
28Q; . determined by fitting Eq. (1) to the experimental profiles of the test structure.
smaller than the S laYer S [the respectwre symbols appear lower The error bars indicate the uncertainty of the fit. For the filled squares, the error
on the thickness scale in Fig. 8(a) than in 8(b)]. The error bars bars are the same size or smaller than the symbols.
indicate the uncertainty in fitting the model function (1) to the
data. Deviations between the broadening of the different profiles,
e.g., the SMC profile and the optimized (Opt.) profile, result . L.
fr;g)m the instruII)nental broadening, which is geterilined by the 6. Best sputter and analysis conditions
respective measurement conditions. This instrumental broaden- The profile Opt. [Fig. 6(b)] can be assumed to be closest to
ing also affects the accuracy of the fit: the greater the instrumen- the true profile of sample #1 within the conditions tested in this
tal broadening, the greater the uncertainty of the fit and the study as the instrumental broadening is lowest. However, the filled
lower the instrumental broadening, the lower the uncertainty of squares in Figs. 7(a) and 7(b) show a slight increase in broadening
the fit. Thus, the profile Opt. revealed the most reliable layer with depth. Topography analysis by means of AFM indicates that
thicknesses that deviate by less than 0.5nm from the nominal this might be caused by a slight roughening of the sample surface
thickness of 2 nm. However, the thickness values for both "*Si during sputtering. The root-mean-square roughness was deter-
layers and 28Si layers seem to increase with depth, indicating a mined to be (0.4+0.1) nm on the initial surface and (0.6+0.1) nm in
trend in the actual thickness. the ToF-SIMS crater.
J. Appl. Phys. 137, 025301 (2025); doi: 10.1063/5.0232252 137, 025301-8
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Also note that the angle of incidence has a significant influ-
ence on the achievable depth resolution.”” As with most SIMS
instruments, the angle of incidence for the ToF-SIMS 5 instru-
ment is fixed and we have not performed an angle variation
study. Also note that for rough surfaces the angle of incidence is
defined only very locally (depending on the respective angle of
the surface) and cannot be controlled. Thus, the varying angle of
incidence leads to a local variation in sputtering yield and can
change the topography during sputtering. In order to evaluate the
profile in terms of depth resolution, monitoring the topography,
e.g., through AFM analysis before and after sputtering, can be
helpful.

B. Depth profiling of a quantum well heterostructure

In contrast to the SIMS analysis of homostructures such as
the isotopically modulated Si sample #1, the analysis of semicon-
ductor heterostructures can be affected by the topography of the
sample. This, in particular, becomes relevant for semiconductor
layer structures with lattice parameters that differ from layer to
layer. This lattice mismatch causes internal strain during epitaxial
growth that can be relax by the formation of dislocations. These
misfit dislocations result in corrugated surfaces with a roughness
of several nanometers.’" Prior to SIMS analysis, the topography
of sample #2 was investigated by means of AFM. Figure 9(a)
shows the topography of a 8 x 8 um? reference area on the initial
surface. The regularly wavy structure of the surface indicates
surface corrugation. The root-mean-square roughness was deter-
mined to be (3.2+0.1) nm. Therefore, ultimate lowered sputter
energy at the expense of measurement time is not suitable in this
case because the surface roughness limits the depth resolution.
Taking the insights from the parameter variation study on sample
#1 into account, the instrumental setup used for reference pur-
poses was chosen for the depth profile analysis of sample #2.
These settings provide sufficient depth resolution in view of the
surface roughness and, in case SIMS analyses are performed com-
mercially, the measurement time reduced by at least a factor of 10
due to the higher sputter energy limiting the costs for the
analysis.

Figure 10 shows the measured concentration-depth profiles of
28Gi 296i, and 7“Ge in the quantum well region. In general, the
structure is well resolved. The thickness of the quantum well was
determined to be (10.5+0.2) nm, which corresponds to STEM data
for this sample.”’

Previous studies, e.g., by Drozdov et al’ (see also references
therein), revealed the Ge/Si secondary ion intensity ratio measured
from a Si;_,Ge, layer to be related to the atomic fraction ratio by a
constant factor for a wide range of Ge contents (0.15 < x < 0.65
for low-energy OF ion sputtering’®). Dowsett et al."’ mentioned
that the Ge fraction x can be deduced directly as the ratio of Si™
ion yield from the sample and bulk Si (e.g., from a Si wafer). The
latter approach revealed the expected Ge content of 0.3 + 0.02 for
the top and bottom Sig;Gegs layer. As both, the 2°Si signal and
74Ge signal, do not reach a plateau in the middle of the quantum
well, the respective concentrations are expected to be high in this
region. The residual concentration of #°Si in the MBE source mate-
rial is 41 ppm (0.0041 at %) according to the supplier, which is

ARTICLE

pubs.aip.org/aip/jap

(a)

z (nm)
10
0
—10
0
(b)
z (nm) 10
10 >
0
0 -5
10 —10
0

X (um) g0

FIG. 9. Topography of a 8 x 8um? area on the initial surface (a) and in the
crater (b) resulting from the ToF-SIMS analysis of sample #2 analyzed by
means of atomic force microscopy. Surface corrugation resulting from strain
relaxation via dislocations manifests in regular waves in two perpendicular
crystal directions.

confirmed by means of APT analysis of the quantum well structure
that yields a 2°Si concentration of (50+20) ppm [(0.005
+0.002) at %] in the 28Si quantum well.”’ For Ge, the APT measure-
ment yields a concentration of 0.3at% in the quantum well.”’
Assuming constant sputter and ionization yields through the
whole structure, the 2Si concentration was determined to
(2.5+0.1) x 10 ecm™  [(500.040.2) ppm] and the 7‘Ge to
(2.7 £0.1) x 10*° cm™ in the 23Si quantum well (fit parameter C,).
Taking the isotopic abundance of Ge into account, the residual
Ge concentration within the 2Si layer was calculated to
7.4 % 10°° cm™ (1.5 at %). Obviously, the 2Si concentration as well
as the Ge concentration in the quantum well are overestimated by
means of ToF-SIMS. This is probably due to a lack of depth resolu-
tion caused by the roughness.
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FIG. 10. SIMS concentration-depth profiles of 28Si, 2°Si, and ™Ge in the
quantum well region of the Sig7Ge3/8Si/Sig7Geys heterostructure.
Measurement conditions: Oy, 500 eV, 40 nA, 300 x 300um? sputtering; Bi;,
15keV, 0.25 pA, 75 x 75um? analysis; Oy, 1x 107 mbar flooding. Plus signs
mark Si data and crosses mark Ge data. Every 10th data point is shown for
clarity. The solid lines represent best fits based on Eq. (2) taking sputter broad-
ening effects into account.

The fit parameters r; that describe the interfacial broadening,
determined by fitting Eq. (2) to the 28Si data, the 2°Si data, and the
Ge data, respectively, are summarized in Table III. The broadening
at the top interface (Sip;Geo3/?8Si) equals the broadening at the
bottom interface (*3Si/Sig;Gey3) within the uncertainty of the fit.
However, the Ge profile tends to show a higher broadening than
the 28Si profile. Additionally, the 7Ge signal starts to drop at a
slightly lower sputtering depth than the 2Si signal. This likely indi-
cates a surface that is preferably terminated with Ge during
growth,”” which may be facilitated due to stronger Si-Si bonds
compared to Si-Ge bonds.*

To ensure that sputtering has not induced additional rough-
ness, the topography analysis by means of AFM was repeated in
the crater. As shown in Fig. 9(b), surface corrugation can be
observed manifesting in regular waves on a pm lateral scale in two
perpendicular crystal directions. The root-mean-square roughness
was determined to be (3.2+0.1) nm. This is the same value as

TABLE lll. Fit parameters r; that describe the interfacial broadening at the top inter-
face (i=1) and at the bottom interface (i=2) of the quantum well heterostructure,
determined by fitting Eq. (2) to the 2Si data, Si data, and the "Ge data,
respectively.

7, (nm) r, (nm)
2854 1.9+0.1 1.8+0.1
i 1.8+0.1 1.9+0.1
74Ge 2.1+0.1 22+0.1

ARTICLE pubs.aip.org/aip/jap

determined for the reference position on the initial surface, ie.,
sputtering has not changed the surface roughness.

IV. CONCLUSION

ToF-SIMS has proven to be a suitable characterization method
to determine isotopic concentration-depth profiles of semiconduc-
tor heterostructures. It has been shown that instruments used for
routine analysis can also achieve a depth resolution below 1 nm, as
long as the topography of the analyzed samples does not limit the
depth resolution itself. When analyzing a test homostructure con-
sisting of ultra-thin "*Si/?8Si bilayers of only 2 nm in thickness, the
instrumental setting was optimized in favor of depth resolution,
whereby, as expected, sputtering energy turned out to be the domi-
nating parameter. It has been demonstrated that the consideration
of the sputter rate ratio, i.e., the amount of material sputtered by
both, the sputter beam and the analysis beam, plays a crucial role.
In comparison to an instrumental setting used for routine analysis,
the profile broadening was reduced by 27 % at the expense of mea-
surement time, which was extended by the factor 14 in this study.
Based on the results of this study, it is conceivable that a further
reduction in sputtering energy could lead to a further reduction in
instrumental broadening. However, 250 eV (Opt.) was the lowest
possible sputtering energy that could be achieved with the device
used, limited by the electronics that control the high voltage of the
sputtering ion beam. It was shown that the insights from the varia-
tion study could be used to successfully resolve a SiGe/Si/SiGe
heterostructure with a surface corrugation of several nm caused

N
w

by the lattice mismatch between SiGe and Si. The thickness of 9

the quantum well layer of this structure was determined to be
(10.5 £ 0.2) nm in correspondence to STEM data.

Although the measurement conditions used in this work
cannot be easily transferred to other interesting sample systems
such as oxide heterostructures, AIN, GaN, and many others, the
insights of the variation study can be helpful in finding the best
measurement conditions for the individual sample system.
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