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Atomistic Compositional Details and Their Importance for
Spin Qubits in Isotope-Purified Silicon Quantum Wells
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Oana Cojocaru-Mirédin,* Lars R. Schreiber,* and Dominique Bougeard*

Understanding crystal characteristics down to the atomistic level increasingly
emerges as a crucial insight for creating solid state platforms for qubits with
reproducible and homogeneous properties. Here, isotope concentration depth
profiles in a SiGe/?2Si/SiGe heterostructure are analyzed with atom probe
tomography (APT) and time-of-flight secondary-ion mass spectrometry down
to their respective limits of isotope concentrations and depth resolution.
Spin-echo dephasing times T§°h° = 128 ps and valley energy splittings Ey¢
around 200 peV have been observed for single spin qubits in this quantum
well (QW) heterostructure, pointing toward the suppression of qubit
decoherence through hyperfine interaction with crystal host nuclear spins or
via scattering between valley states. The concentration of nuclear
spin-carrying ?°Si is 50 & 20ppm in the 22Si QW. The resolution limits of APT
allow to uncover that both the SiGe/?Si and the ?2Si/SiGe interfaces of the
QW are shaped by epitaxial growth front segregation signatures on a few
monolayer scale. A subsequent thermal treatment, representative of the
thermal budget experienced by the heterostructure during qubit device
processing, broadens the top SiGe/?2Si QW interface by about two
monolayers, while the width of the bottom ?2Si/SiGe interface remains
unchanged. Using a tight-binding model including SiGe alloy disorder, these
experimental results suggest that the combination of the slightly thermally
broadened top interface and of a minimal Ge concentration of 0.3% in the
QW, resulting from segregation, is instrumental for the observed large

E,s = 200 peV. Minimal Ge additions <1%, which get more likely in thin
QWs, will hence support high E, s without compromising coherence times. At
the same time, taking thermal treatments during device processing as well as
the occurrence of crystal growth characteristics into account seems important
for the design of reproducible qubit properties.

1. Introduction

The development of novel quantum tech-
nologies in condensed matter - and in
particular the quest for a scalable and
fault-tolerant quantum computer (QC)
— increasingly ties decisive device per-
formance parameters, such as the qubit
fidelities and coherence times, to atomistic
scale material properties. This strongly
increases the need to get quantitative in-
sights and, ideally, to find ways to control
and custom-tailor atomistic details of con-
densed matter. Lately, obtaining chemical
and spatial information at interfaces with
atomistic precision has been pointed out
to play a paramount role in the develop-
ment of large-scale quantum information
processors based on all major envisaged
solid-state qubits such as superconducting
qubits, spin qubits in quantum dots (QDs)
or color centers, and topological qubits.!*™*

Thin-film epitaxially-grown 28Si/SiGe
heterostructures consisting of a tensile
strained, isotope-purified 8Si quantum
well (QW) layer, sandwiched between two
layers of the alloy SiGe, have been proven
to be an excellent host for spin qubits.!>®]
These qubits are realized by controlling sin-
gle to few electron spins in electrostatically-
defined quantum dots in the QW.7#
Important ingredients for a fault-tolerant
QC are long spin decoherence times, single
and two-qubit gates as well as fast spin
detection; all with fidelities beyond the
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quantum error correction threshold.*'*] The need of medium-
distance quantum information transfer!’® triggered research
on coherent transport of spin qubits using few opera-
tion signals,'*'8] which poses high demand on material
homogeneity.['?] All these studies suggest that materials proper-
ties need to be understood on an atomistic scale to enable the
realization of a 2Si/SiGe-based large-scale solid-state QC.[%]
In particular, the atomistic details of the semiconductor het-
erostructure seem to be highly relevant for two sources of qubit
decoherence: hyperfine interaction of the free electron spin
qubit with nuclear spins of the host crystal lattice and interval-
ley spin decoherence in the 22Si QW. The relevant hyperfine
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contact interaction depends on the concentration of lattice atoms
carrying non-zero nuclear spins in the Si QW, with which the
electron wavefunction of a considered spin qubit overlaps.!?!l
This concentration is influenced by the degree of isotope purifi-
cation in the 2Si QW, possibly by the 22Si/SiGe heterostructure
epitaxy or also post-growth bulk diffusion processes, thermally
triggered for example during the qubit device fabrication.[??l The
intervalley spin decoherence, on the other hand, is particularly
relevant in the case of a non-desirable, uncontrolled occupation
of an excited valley state during a spin qubit operation in the
valley ground state.[192*2*] The relevant metric is the valley-
splitting energy (Eys) between the excited and the ground valley
state, which needs to be sufficiently large for low-decoherence
qubit operation. The atomistic details of 28Si/SiGe interfaces
such as atomic steps and SiGe alloy disorder>>8] have been
pointed out to be highly relevant for the magnitude of E,g in
a heterostructure, correlating with a significant spreading of
experimentally determined valley energy splittings reported in
the literature in various heterostructures.[?>3%3339-5% Being able
to analyze spatial depth concentration profiles down to the few
atomistic monolayers and the few 100 ppm concentration level
of isotopes in as-grown heterostructures as well as in processed
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devices is hence of importance to devise and test strategies to
produce devices with well-controlled E.

Here, we analyze a Siy,Ge,,/?Si/Si,,Ge,; heterostructure
grown by solid-source molecular beam epitaxy (MBE, see Exper-
imental Section). Our focus lies on the depth-resolution of the
composition profiles at the interfaces between %Si and Si, ,Ge, ;
and on the isotope concentration of 28Si investigated with pulsed
laser atom probe tomography (APT) and time-of-flight secondary-
ion mass spectrometry (ToF-SIMS). We compare as-grown sam-
ples with post-growth annealed samples. The post-growth an-
nealing is representative of the highest thermal budget used
during qubit device processing (see Experimental Section). Spin
qubit devices processed from the same Siy,Ge,;/?Si/Si,,Ge,;
heterostructure used in the study presented here have previously
been shown to feature excellent properties in terms of single
spin qubit robustness, with a valley splitting energy E, ¢ ranging
from 185 peV to 212 peV,1*! an ensemble spin dephasing time
T; ~ 20 ps and a spin-echo dephasing time T¢* = 128 ps. Both
dephasing times were not limited by the hyperfine contact inter-
action of residual ?°Si isotopes in the QW.I>!]

We find <60ppm nuclear spin-carrying 2°Si in the 2Si QW
by APT, confirming the absence of isotope diffusion during the
epitaxy or post-growth anneal and in line with the qubit co-
herence times observed in devices made from this heterostruc-
ture. APT allows us to resolve a slight broadening of the top
Siy,Ge,;/*8Si QW interface by approximately two monolayers (1
ML = 0.132 nm) after a thermal anneal representative of device
processing, compared to the as-grown interface. Furthermore,
our analysis uncovers slight signatures of segregation that oc-
curred at the crystal growth front during the epitaxy of both inter-
faces, the Si,,Ge,;/*®Si top and the %Si/Si,,Ge, ; bottom inter-
faces. Moreover, our APT analysis suggests that the segregation
at the bottom interface may result in the lowest Ge concentration
reached in the 10.5 nm thick Si QW to be at most 0.3%. Using
a tight-binding and an effective-mass model, we find that slight
details of the experimental Ge concentration profiles, such as the
comparatively subtle effects of the post-growth annealing, seem
to induce valley splitting energies around 200 peV.

2. Concentration Profile of the SiGe/?Si/SiGe
Quantum Well

2.1. Heterostructure Characteristics and Measurement
Conditions

The Si,,Ge,;/*Si/Siy,Gey; QW part of the heterostructure
has been grown at a nominal temperature of 350 °C with SiGe
potential barriers of natural isotope composition and a QW
highly purified in 28Si (see Experimental Section). Figure 1a
shows a high-angle annular dark field scanning transmission
electron micrograph (HAADF STEM) of the QW. The laterally
averaged profile intensity (shown as an overlay in Figure 1a) and
the performed ToF-SIMS analysis (see Supporting Information)
agree in a measured QW thickness of 10.5 + 0.2 nm. This value
of the QW thickness was used in APT data analysis, in addition
to the correction method by Vurpillot et al.??] and the Landmark
reconstruction,®3! to obtain a precise 3D reconstruction of the
heterostructure (see Experimental Section). For the Landmark
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Figure 1. a) High resolution HAADF STEM image of the 22Si/SiGe het-
erostructure with an intensity profile obtained on all detected atomic
columns. b) APT tip and two schematic tip configurations used to probe
the top interface (bottom-up) and bottom interface (top—down) of the
QW. c) Ge concentration profile obtained by APT across the QW, fitted
by Equation (2) (model1) and by Equation (2) and Equation (3) (model2)
respectively (see Experimental Section).

reconstruction, a 15 atom-percent Ge isosurface is used. More-
over, it has been shown>>! that collecting an APT profile from
SiGe across an interface with Si is less precise than collecting it
from Si across the interface with SiGe, because of the different
evaporation fields of each material. Hence, to ensure highest res-
olution, we have produced dedicated specimen tips (Figure 1b)
for the APT analysis of each QW interface, to always probe a
heterostructure interface from Si across SiGe. Thus, the bottom
interface is analyzed using a specimen tip probed in a top-down,
while the top interface is analyzed using a specimen tip probed
in a bottom-up configuration, as sketched by arrows in Figure 1b
and conducted in Ref. [55]. We measured two tips of each type and
compared the results with another set of, in total, four specimens,
which we annealed prior to preparing the tips (see Experimental
Section). The interface broadenings of the Si and Ge profiles at
the top and bottom QW interfaces determined from each indi-
vidual analyzed tip are provided in the Supporting Information.

To determine interface profile widths, we fit the experimen-
tal, depth-resolved concentration profiles with an error-function
model which has been widely used for the analysis of isotope
profiles.’’%] For all TEM, ToF-SIMS and APT experimental pro-
files, we chose to fit the top and bottom interface together within
one profile by using a model with two opposing error func-
tions, to suppress numerical errors (see Experimental Section).
As discussed below, for APT profiles, we extend the error func-
tion fit at the bottom interface to better take into account a self-
limiting effect of Ge segregation during growth of a Si/SiGe
interface.[*1] Both fit models are shown on an exemplary APT
profile in Figure 1c and are discussed in the Experimental Sec-
tion.

In the following, C(X) denotes the depth-resolved composition
profile of X, while C(z; X) is the composition value of X at the
depth z in growth direction. Along the manuscript, X will either
be Si (standing here for the sum of the composition in the iso-
topes 239Si), Ge (standing for the sum of the composition in the
isotopes 7% 727374 76Ge) or a specific isotope, in particular 2 Si.
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Figure 2. APT and ToF-SIMS measurements of the top SiGe/?3Si inter-
face. Shaded areas in the profiles correspond to a single standard devia-
tion interval of the measured data. a) APT data and fit of the two isotopes
29,305 concentration profile around the position of the top-interface z, and
normalized to the fitted Si concentration Cfi of the top-barrier. The inset
sketches the bottom-up APT specimen tips used for a precise analysis of
the top SiGe/?8Si interface (cf. Figure 1c). b) APT data as in panel a, here
for the concentration profile of Ge. c) Table of the APT interface widths
r, for the annealed samples and of their ratio with the as-grown width r;.
Upper half: Fit parameters resulting from data obtained in bottom-up anal-
ysis, which is more precise for this top QW interface. Lower half: Compari-
son to ratio values obtained in top—down analysis, which is less precise for
this top QW interface. d) Corresponding concentration profiles measured
by ToF-SIMS.

Also, r/, (X) stands for the interface width of the profile of X at a
QW interface in the as-grown heterostructure, while |, (X) rep-
resents the post-growth annealed counterpart, with t for the top
or b for the bottom QW interface.

2.2. Experimental Analysis of the SiGe/%Si Top Interface

Figure 2 displays the depth-resolved composition profiles across
the SiGe/?8Si top interface by APT and ToF-SIMS and the corre-
sponding parts of the fits to the profiles. For highest resolution of
this top interface, we plot results of the APT specimens analyzed
in bottom-up configuration.

We first consider the depth-resolved concentration profile
C(Si) along the growth direction: Figure 2a shows this profile
for the as-grown and for the post-growth annealed samples re-
spectively. The profile of the as-grown sample is well fitted by
our error-function model (see Equation 2 in the Experimental
Section). The fit yields an interface width r/(Si) = 0.31 + 0.09 nm
which corresponds to 2.4 monolayers of 2Si tensile strained by
relaxed Si, ;Ge, ;. We postulate that /(Si) = 0.31 + 0.09 nm is ap-
proaching the resolution limit of our APT measurement and of
the 3D reconstruction, because an efficient mechanism which
may cause a significant broadening of the top Si composition
interface profile is not evident: The presence of segregation at
the growth front during epitaxy will only concern subsurface Ge
atoms, which may exchange with surface Si atoms, but there
is no driving force for up-floating of Si atoms in the growth
direction.[®!] Also, there is no driving force for spontaneous inter-
mixing of Si isotopes across a 22Si/"SiGe interface.[%?] Further-

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

5117 SUOLLLLIOD) BAIEBID 2(qedl|dde 8L Aq peusenob ale PN YO '8N J0 Sa NI 0y AReIq1T BUIIUO AB]IM L0 (SUONIPUCD-PUR-SLLLIBI OO A3 | 1M AZeiq1jeu1|uo//Sdy) SUORIPUOD PUB SULB 1 3129 *[720Z/0T/9T ] Uo ARiqi auliuo Ao ‘Bingsuebey BeIsIBAUN AQ 2205202 SAPR/Z00T OT/I0P/LIcD" 3| AReIqBUIIUO//SANY LU PaPeo|uMmoq ‘0 ‘#7BE86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

more no significant thermally-driven diffusion is to be expected
at the growth temperature of 350 °C.[57:5862]

Figure 2b depicts the Ge profile C(Ge) around the top QW
interface in the as-grown and in the annealed samples. With
r/(Ge) = 0.65 + 0.07 nm it is slightly larger than the interface
width r/(Si) discussed in Figure 2a. We attribute this interface
broadening to the segregation of Ge atoms, expected for a SiGe
growth front overgrowing Si (here ?8Si) in ultra high vacuum epi-
taxy, termed as leading edge in the literature. [6061.63-66] Consid-
ering r/(Si) = 0.31 + 0.09 nm to approach the resolution limit of
our APT profiles, as discussed above, this broadening of the in-
terface due to Ge segregation may be as low as /(Ge) — r/(Si) =
0.34 + 0.16 nm, which corresponds to 2.3 monolayers of relaxed
Siy;Gey ;. The interface width of the APT Ge profile is compa-
rable to recent APT studies of as-grown structures produced in
chemical vapor deposition (CVD)[**5>%¢] (see the Experimental
Section for a conversion between interface width parameteriza-
tions). Note that segregation may be hampered under certain
CVD growth conditions and that segregation is not discussed in
these latter works.

In addition to the slight broadening of the Ge profile, we
observe a second evidence of Ge leading edge segregation at
the as-grown SiGe/?Si top interface of the QW: the turning
point of the Ge profile (Cg./CS® = 0.5) is slightly shifted com-
pared to the Si profile, as a consequence of the tendency of Ge
atoms to float upon the growth front, up to a certain equilib-
rium concentration.l’!] Comparing Figure 2a,b, the average shift
is 0.16 + 0.11nm for the APT profiles of as-grown samples. To
our knowledge, the experimental observation of this shifted turn-
ing point between Ge and Si in the presence of leading edge seg-
regation has not been reported before.

For comparison to the as-grown Si and Ge profiles, Figure 2a,b
also show the profiles of post-growth annealed samples, which
represent a realistic thermal budget during qubit device process-
ing (see Experimental Section). The Ge and Si profiles clearly
reveal a broadening at the interface which we attribute to an
isotropic bulk diffusion of Ge and Si in the heterostructure crys-
tal during post-growth annealing. Since diffusion of Ge and Si
are negligible at 700 °C for 15s in a SiGe and a Si crystal lattice,
both considered at their thermodynamic equilibrium,>’*%! we at-
tribute the observation of this annealing effect to the fact that epi-
taxial thin film growth from the gas phase (such as MBE or CVD)
generally produces crystal lattices that do not perfectly match the
thermodynamic crystal lattice equilibrium. For our heterostruc-
tures, it seems plausible that for example the QW growth tem-
perature of 350 °C (see Experimental Section) and the strain in
the Si QW favor an increased incorporation of vacancies or inter-
stitial atoms into the as-grown film compared to a lattice at the
thermodynamic equilibrium. Under post growth annealing, non-
equilibrium vacancies or interstitial atoms will promote diffu-
sion, to make the lattice tend toward its thermodynamic equilib-
rium. A signature of this equilibration is the slight profile widen-
ing which we experimentally resolve via APT in the Ge and the Si
profiles. The average interface width of the Ge profile is r,(Ge) =
0.95 + 0.3 nm, showing a larger variation between the results of
the two specimens (r,(Ge) = [0.76 + 0.03nm, 1.13 + 0.05nm],
see Supporting Information) than for the as-grown specimen.
The interfacial broadening of the Si profile is r,(Si) = 0.7 +
0.3nm, again with some variation among the two specimens (r,
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=[0.5 = 0.1nm, 0.8 + 0.1 nm)], see Supporting Information). If
we consider r/(Si) = 0.31 £ 0.09nm to approach the resolution
limit of our APT analysis, as discussed earlier, r,(Ge) — r/(Si) =
0.7 + 0.5 nm represents the broadening of the Ge profile due to
post-growth annealing. The table in Figure 2c summarizes the
interface widths r, after the post-growth anneal and the ratio r, /1
between post-growth annealed and as-grown samples. As it is ex-
pected for the bulk diffusion in the heterostructure crystal, we
find similar values for the ratios r,/r{ for Ge and Si. In the lower
half of the table in in Figure 2c, we also mention the ratios r,/r/
determined on APT needles analyzed in the top-down configura-
tion. Although these conditions are less precise for the analysis of
the top QW interface, the ratios for Ge and Si confirm the broad-
ening of the top QW interfaces.

Figure 2d shows the Ge and Si profiles acquired by ToF-SIMS,
both for as-grown and post-growth annealed samples. The fitted
interface widths r, and r/ for Ge and Si with values higher than
1.5nm significantly exceed the interface widths obtained from
APT. No significant broadening of the interface by annealing is
evident in ToF-SIMS, demonstrating a lower depth resolution
compared to APT. However, ToF-SIMS offers a better signal-to-
noise ratio for individual data points of the concentration pro-
file than APT due to the larger probe area of 100 pm X 100 pm,
which we integrate to calculate C(z, Ge) and C(z, Si). Notably, the
probe area of APT corresponds to the size of a quantum dot/*6>1]
and is thus representative for the environment to which a sin-
gle spin qubit is exposed. In the ToF-SIMS crater, a RMS rough-
ness of 3.2nm is detected by atom force microscopy (see Sup-
porting Information). This roughness dominates the interface
widths in the measured concentration profiles. We attribute a sig-
nificant part of this roughness in the crater to the presence of
cross-hatching in this type of heterostructure as discussed in the
Supporting Information. The cross-hatching, which manifests as
a regular terracing on a pm scale in two perpendicular crystal di-
rections, results from the strain relaxation via dislocations in the
concentration-graded buffer part of the heterostructure and is,
hence, unavoidable. It thus seems that we have reached the res-
olution limit of ToF-SIMS in terms of the quantification of the
interface width in this type of heterostructure, presumably due to
cross-hatching in our layer structure. Note that also the HAADF-
STEM analysis results in a broader interface width compared to
APT (Figure 1).

Summarizing the comparison between as-grown and post-
growth annealed samples, we observe a post-growth diffusional
broadening of the Ge and Si profiles caused by annealing. The
slight profile broadening is resolved by means of APT but not by
ToF-SIMS measurements. Both APT and ToF-SIMS reveal sig-
natures of segregation of Ge during the growth process, which
becomes evident in a slightly retarded onset of the Ge compared
to the Si profile for the top Si,,Ge, ;/*Si interface.

2.3. Experimental Analysis of the 22Si/SiGe Bottom Interface

Figure 3 displays the depth-resolved composition profiles across
the 28Si/Si, ,Ge, ; bottom QW interface by ToF-SIMS and APT as
well as the corresponding fits to the profiles. For highest resolu-
tion of this interface, we we plot results of the APT specimens
analyzed in top-down configuration.
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Figure 3. APT and ToF-SIMS analysis of the bottom interface. Shaded ar-
eas in the profiles correspond to a single standard deviation interval of
the measured data. a) ToF-SIMS data for Si and Ge of the bottom QW in-
terface for as-grown and annealed samples. b) APT data for Si and Ge of
the bottom QW interface for as-grown and annealed samples. The inset
sketches the analysis conditions in the top—down configuration, more pre-
cise for the bottom QW interface. c) Table of the APT interface widths r,
for the annealed samples and of their ratio with the as-grown width r/ . Up-
per half: Fit parameters resulting from data obtained in top-down analysis,
which is more precise for this bottom QW interface. Lower half: Compar-
ison to ratio values obtained in bottom-up analysis, which is less precise
for this bottom QW interface. d) Same as in (c) for the Ge trailing edge
width rpg (see Equation 3).

Figure 3a shows the Ge- and the Si profiles acquired by ToF-
SIMS, both for as-grown and post-growth annealed samples. We
find these profiles to be very similar to those observed for the
top interface in Figure 2d. Indeed, all profiles are accurately de-
scribed with a simple error-function, following the model given
by Equation (2) in the Experimental Section. Note, however, that
for a Si overgrowth of Ge or SiGe, a segregation of Ge atoms into
the Si overgrowth layer has been reported and experimentally re-
solved for as-grown MBE structures grown at higher substrate
temperatures than our heterostructure in the past.[**¢64] During
Si overgrowth of SiGe, a self-limiting mechanism of Ge segrega-
tion at the growth front is invoked,[®] leading to a stretched Ge
concentration profile, termed as trailing edge in the literature.l®]
We conclude that our experiments show that a Ge segregation
and in particular its self-limiting character for 2Si overgrowth of
SiGe at the bottom interface cannot be resolved via ToF-SIMS for
this QW grown at 350 °C.

In contrast, a stretched Ge profile at the QW bottom inter-
face is clearly resolved by means of APT as shown in Figure 3b.
While the Si profiles C(Si) are accurately described with the error-
function of Equation 2 (see Experimental Section), this is not the
case for the Ge profiles C(Ge). After a drop in Ge concentration,
from a certain threshold value, the decrease in the Ge concentra-
tion is less pronounced. This is indicative of a self-limitation of
Ge segregation with increasing Si neighboring and corresponds
to the trailing edge discussed in the literature. To our knowl-
edge, this is the most narrow trailing edge (as a consequence of
the comparatively low substrate temperature in the epitaxy) that
has been experimentally resolved. The comparison between ToF-
SIMS and APT shows that such narrow trailing edges are only
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resolved in APT in these strain-relaxed heterostructures. To ac-
curately describe the trailing edge, we extend our error function
model, as discussed in Equation (3) in the Experimental Section.
In addition to the interface width | (Ge), we introduce a charac-
teristic length r7.. (Ge), to quantify the self-limited segregation in
the region of the trailing edge. For the as-grown structures our Ge
trailing edge profiles are in line with model predictions for seg-
regation in ultra high vacuum epitaxy at substrate temperatures
of 350 °C.I%! Note that from the fit of the experimental APT Ge
concentration profile as parameterized by Equations (2) and (3),
we find a non-zero minimum Ge concentration C,,;, (Ge) in the
QW: From C,(Ge) we deduce C,,;,(Ge) = 0.21% in the as-grown
heterostructure, which we interpret as an additional manifesta-
tion, here in our fit model, of the presence of the segregation
trailing edge.

To analyze the effect of post-growth annealing, we summarize
the values of r;, and the ratios r,, /1, for Ge and Si in the table of
Figure 3cas well as r; and ryy /77, for Ge in the table of Figure 3d.
We also include the ratios determined from the less precisel>!
APT specimen configuration (here bottom-up tips) to increase
the statistics in the determination of the ratios. In contrast to the
clear trend observed in the APT profiles of the Ge and Si at the top
interfaces, the interfacial broadening of Si and Ge at the bottom
interface is not significantly affected by post-growth annealing, as
seen for Ge and Si from the overlapping standard deviations of
the as-grown and of the annealed data in the whole range of anal-
ysis in Figure 3D (shaded areas) and from the tables in Figure 3c.
Note that, as a consequence, the difference in interface width sug-
gested by the Si profiles in Figure 3b is not physically meaning-
ful, given the error bar. The comparatively large error bar is a
consequence of the fact that we have to work with 2°Si and 3°Si
to analyze the Si profiles in the heterostructure. These two iso-
topes represent only 7.8% of the Si atoms of the SiGe barrier.
Regarding the additional fit parameter C(Ge) (Equation 2), we
deduce a value of C,,;,(Ge) = 0.42% in the annealed heterostruc-
ture, compared to C,;,(Ge) = 0.21% in the as-grown structure,
indicative of very slight bulk diffusion during the post growth an-
neal. Note that the ToF-SIMS analysis also does not display any
difference between the as-grown and the post-growth annealed
samples, as is expected, given the roughness-limited depth reso-
lution addressed in the analysis of the top interface.

2.4. Quantification of the Si Isotope and of the Minimal Ge
Concentration in the QW

Going beyond the capabilities of APT in terms of depth resolu-
tion, we also explore the limits of the method in terms of the min-
imal resolvable Si isotope composition and minimal Ge compo-
sition in the 28Si QW. To ensure a high accuracy in the determi-
nation of the isotope composition, we increased the sensitivity
to detect °Si and 3°Si ions inside the 2Si QW by employing a
horizontal APT needle configuration (see Experimental Section)
instead of the bottom—up or top-down geometries used before.
We also describe the calibration of our measurement in the Ex-
perimental Section, using a piece of the 28Si MBE crystal source
as a reference and the *°Si/!*Si ratio of the double charged iso-
topes to avoid an interference with the mass-to-charge state 29
induced by 22SiH.
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We find a composition of 50 + 20ppm of Si in the QW by APT.
This is in excellent agreement with the 41 ppm composition we
determined for the 2Si MBE source crystal and suggests that no
modification or contamination of the Siisotope enrichment takes
place during the evaporation of the source crystal in MBE.[>7>8]
The composition of the 3°Si isotope drops to 10ppm inside the
288i layer. In the source crystal it was previously determined to
be 1.3ppm(= 1.3 x 107*%), in a different measurement.[*’] We
conclude that 10ppm represents our detection limit of APT for
Si isotopes in the QW layer. This proves the high detection capa-
bility of APT even in very confined space such as a 10.5 nm thick
QW layer.

The non-annealed APT needle in horizontal configuration is
also advantageous to determine the minimal detectable Ge con-
centration in the QW. We determine a Ge concentration of 0.3%,
which we consider as the upper boundary of the Ge concentration
within the 10.5 nm QW, considering the detection limit of APT
for the horizontal needle configuration. This experimental value
is in good agreement with the fit results for the minimum Ge
concentration in the QW C, ;. (Ge) deduced from C,(Ge) in Equa-
tion (2) for the as-grown (C,,;,(Ge) = 0.21%) and the annealed
(Corin(Ge) = 0.42%) samples.

min(

min

3. Valley Splitting Estimates for the Realistic Ge
Concentration Profiles

The heterostructure profiles determined by APT and ToF-SIMS
describe Ge concentrations C(Ge) as a function of depth along
the growth direction z, spatially averaging in the analyzed plane
(x; y) at a given depth z. The analyzed area (x; y) depends on
the method, APT or ToF-SIMS. Note that the random nature of
the SiGe alloy causes these profiles to vary spatially in plane,
on an atomistic level, which in turn may cause fluctuations of
the valley splitting. The mean and variance of the valley splitting
both increase sensitively when the electron wavefunction over-
laps strongly with Ge,3”] as we will illustrate below. Since the val-
ley splitting E, is determined by the alloy disorder in realistic
heterostructures,!*”] increasing the electron wavefunction over-
lap with Ge (thus increasing the amount of alloy disorder) causes
the average Eg to grow. Given this sensitivity of the valley split-
ting and the fact that the typical confinement area of current ex-
perimentally implemented spin qubits approach the analysis area
of APT, a series of statistically meaningful measurements of the
valley splitting on a piece of a given heterostructure therefore, in
principle, could provide a sensitive probe of the Ge concentra-
tion, even in the low-Ge regime where the detection limit of APT
measurements is reached. Up to now, such statistically meaning-
ful samplings of the valley splitting have not been realized exper-
imentally. Concerning the heterostructure studied here, a num-
ber of measurements were previously obtained in one devicel*¢1]
from the same annealed heterostructure studied here, yielding
values in the range of E ¢y = 185-212 peV, as the center position
of the dot was shifted by 6 nm and, additionally, E,¢ >100 peV es-
timated for the few other devices produced from that heterostruc-
ture. Below, we show that 1) these relatively high valley-splitting
values and their variations are consistent with theoretical predic-
tions for the annealed sample, and 2) a non-vanishing value of
CS is crucial for obtaining the observed results. We also per-
form large-scale valley-splitting simulations to demonstrate how
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subtle features in the Ge concentration can have strong effects
on the valley splitting.

To begin, we adopt the minimal 1D two-band tight-binding
model of Boykin et al.[°], which has been shown to quantitatively
predict Eyg behavior in real devices.**3”] To model alloy disorder
in this 1D geometry, we start with the APT Ge concentration pro-
files of as-grown and annealed samples fitted with Equations (2)
and (3). We then introduce small random fluctuations in the Ge
concentration for each atomic layer, consistent with random al-
loy disorder, following the approach of Ref. [37]. To build up a
large statistical sample, we repeat this randomization many times
and simulate E,¢ for each case. We also compare the distribu-
tions of tight-binding simulation results to effective-mass theory,
which predicts Rayleigh distributions for disorder-dominated val-
ley splittings.[3*3”] More details on the theoretical tools used here
are presented in the Supporting Information.

In Figure 4a, we show histograms of 10000 1D tight-binding
simulations of E, ¢ for the annealed QW (top panel) and the as-
grown QW (bottom panel), where each iteration contains dif-
ferent random Ge concentration fluctuations consistent with al-
loy disorder, as described above. The solid lines show the corre-
sponding Rayleigh distributions derived from the effective-mass
theory, using the respective QW parameters as inputs. We first
confirm that the experimentally measured valley splittings, with
typical values of 200 peV, are realistic and expected for this sys-
tem. To do this, we compute the probability of finding valley split-
tings larger than this value, P _ ,o, = P(Eys > 200 peV), for both
of these distributions, where 200 peV is indicated in the figure by
the dashed line. This analysis suggests that 200 peV is on the high
side of the predicted distribution, but not unreasonably so. More-
over, we see that P_,, is more than eight times larger for the
annealed sample than for the as-grown sample, highlighting the
strong dependence of the valley splitting on details of the Ge con-
centration profile and emphasizing the potential impact of sam-
ple processing on the valley splitting values determined in spin
qubit experiments.

To illustrate this further, in Figure 4b we study the effect of
three fitting parameters in Equations (2) and (3) on the valley
splitting distribution: the minimum Ge concentration in the QW
C,in(Ge), the width of the top interface r,(Ge), and the trailing
edge parameter r;(Ge). In each case, to ensure physically reason-
able results, we ramp a single parameter between its as-grown
and its post-anneal values, while keeping the other parameters
fixed at their values for the annealed samples. The effect of such
variations on the Ge density profile is subtle, as illustrated in
Figure 4c for the C,;,(Ge) and r,(Ge) parameters (note the log-
arithmic scale). Indeed, such variations approach the resolution
limit of our fitting procedure (see Supporting Information). How-
ever, these variations significantly affect the valley splitting. Even
slight, experimentally barely resolvable variations of C,,,;,(Ge) be-
tween 0.22 and 0.42% have a particularly strong effect, since they
increase the Ge concentration in the region where the dot wave-
function is large, as shown in Figure 4c. Figure 4b illustrates that
variations of r; and ry; yield smaller, but non-negligible contri-
butions. This analysis confirms the previous claims that, 1) for
heterostructures without super-sharp features (defined as fea-
tures sharper than 2-3 atomic monolayers), fluctuations arising
from alloy disorder dominate the valley splitting, and 2) this ef-
fect is enhanced when the wavefunction overlaps more strongly
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Figure 4. Valley splitting simulations of the as-grown and post growth annealed quantum wells illustrate the impact of a small amount of Ge in the
quantum well. a) Histograms show 10 000 simulations of Eyg for the annealed (top) and as-grown (bottom) quantum-well profiles, obtained using a
minimal two-band tight-binding model.[26] Each simulation represents a different realization of alloy disorder. Solid lines indicate the expected Rayleigh
distribution for Eys, derived from effective-mass theory.3”! P, ,, indicates the probability of obtaining Eys larger than 200 peV (dashed line), as derived
from these distributions. b) Starting with the annealed quantum well profile, we vary the minimum Ge concentration in the well, C,,;,(Ge), from its
value in the annealed well (C,,,;, (Ge) ~ 0.42), to its value in the as-grown well, (C,,,;,(Ge) ~ 0.21), and we compute the resulting P, 5o values (left, red).
As the Ge content is reduced, so is P, ,qy. We perform the same analysis with the top interface width r,(Ge) (center, blue) and the trailing edge width
rre(Ge) (right, purple). c) The annealed quantum well profile (black solid lines) is compared with two modified quantum wells (black dotted lines). Top:
starting with the annealed well, the modified quantum well is found by reducing C,,,;,(Ge) from 0.42 to 0.21. Bottom: we reduce the top interface width
r;(Ge) from 0.95 to 0.65 nm. In both plots, we highlight the Ge concentration differential in orange. We also include a simulation of the 1D quantum dot

wavefunction envelope, v, (green).

with the Ge.l’”] In the Supporting Information, we also show
that experimentally observed variations of Eq between 185 and
212 peVI*9l are consistent with dot-center shifts of 6 nm, for the
C,.in(Ge) levels considered here.

4. Implications for Spin Qubits

Our tight-binding and effective mass models, using the experi-
mental APT Ge profiles as input, give strong indications that E,q
is dominated by alloy disorder in our heterostructure, as in others
recently studied with APT(**55] or scanning probe methods.*®!
Clearly, post-growth annealing during the device fabrication, pos-
sibly enhanced by the presence of a slight segregation trailing
edge at the bottom of the QW, seems to mostly be responsible
for the experimental observation of valley splitting energies up to
212 peVi*®l and >100 peV for the few other spin qubit devices ex-
perimentally tested in this heterostructure. Our study indicates
that the ability to experimentally determine monolayer-scale de-
tails in the Ge concentration QW profile of fabricated devices
to capture post-growth annealing effects, such as with APT, will
be instrumental in providing input parameters for quantitative
modeling of E, as well as for developing epitaxy recipes to max-
imize Es. The knowledge of the top and bottom QW interface
widths is not sufficient to capture the relevant effects. Any QW
profile fit needs to be complemented by parameters reflecting
the Ge environment of the wavefunction down to concentrations
below 0.5%, as illustrated by the parameter C,;,(Ge) = 0.42% in
our study. Particularly noteworthy, the thinner the 22Si QW, the
higher the probability that the wavefunction will overlap a Ge
concentration relevant enough to boost E, in heterostructures
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with alloy disorder-dominated interfaces, as shown in Figure 4c.
Interestingly, recent reports on spin qubit devices fabricated in
heterostructures with comparatively thin QWs frequently report
experimentally determined Eyg > 100 peV.[33344]

Our model predicts P, ,,, = 62% for the annealed samples.
Experimentally, we and the other recent reports on compara-
tively thin CVD grown QWs333441 have found E,g > 100 peV
in each measured quantum dot device. There are also reports
where, in each measured qubit position, the valley splitting is
smaller than E,g < 100 peV.5% Although the amount of mea-
sured devices from each heterostructure is not sufficient to be sta-
tistically meaningful, these observations from different groups
may hint that additional parameters are relevant for quantita-
tive modeling, such as spatial correlations in the Ge concen-
tration fluctuations and local strain in the QW.[%®%%] Dislocation
networks may produce such features (and also induce cross-
hatching of the surface). The ability to conduct experimental E,¢
mappings in more extended quantum dot devices, such as elec-
tron shuttlers,®® should soon allow to further experimentally
test the predicted variability of E, ¢ in heterostructures with alloy
disorder-dominated interfaces.

Regarding the dephasing times of the spin qubit, we obtained
high and charge noise-limited dephasing times T ~ 20 ps,*! a
record spin-echo dephasing time T¢° = 128 ps>!) and an elec-
tron g-factor of g = 2.00 + 0.01*) for single spin qubits in
our heterostructure. This indicates that neither the segregation-
induced, slightly delayed onset of Ge compared to natural Siat the
top interface, nor the weak signatures of post-growth annealing-
induced diffusion within the whole QW impact the spin qubit
coherence in this 22Si QW. Our results thus suggest that small

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

5117 SUOLLLLIOD) BAIEBID 2(qedl|dde 8L Aq peusenob ale PN YO '8N J0 Sa NI 0y AReIq1T BUIIUO AB]IM L0 (SUONIPUCD-PUR-SLLLIBI OO A3 | 1M AZeiq1jeu1|uo//Sdy) SUORIPUOD PUB SULB 1 3129 *[720Z/0T/9T ] Uo ARiqi auliuo Ao ‘Bingsuebey BeIsIBAUN AQ 2205202 SAPR/Z00T OT/I0P/LIcD" 3| AReIqBUIIUO//SANY LU PaPeo|uMmoq ‘0 ‘#7BE86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

additions of Ge (below 0.5% in our heterostructure) may provide
a balance between a sufficiently large valley-splitting E, for spin
qubit manipulation without introducing uncontrolled dephasing
due to hyperfine interaction with 7*Ge nuclear spins, which is
much larger per atom than the one with 2Si”" nuclear spins.
Anticipating further improvements in coherence times, isotope-
purified Ge could then be used in and around the 2Si QW 1],
suppressing hyperfine interaction with 7>Ge. Also, the fact that
we determined g = 2.00 + 0.01 [4’! in this heterostructure, demon-
strates that the slight addition of Ge to the 22Si QW does not in-
duce relevant spin-orbit coupling.

5. Conclusion

Summarizing our findings, our analysis allows us to experi-
mentally extract realistic concentration profiles of the MBE het-
erostructure in its as-grown state as well as after a post-growth
thermal anneal, representative of the thermal budget to which a
spin qubit device is exposed during sample processing. We have
found state of the art width values for the as-grown interfaces
between the Si QW and the top and bottom Si,,Ge, ; barrier.
The post-growth anneal leads to a seemingly small, but clearly
detectable, broadening of the top interface due to isotropic bulk
diffusion, while the bottom barrier width remains unchanged
within the experimental detection limit. At the same time, we re-
veal signs of Ge segregation on comparably small length scales,
imputable to the growth of the heterostructure. Segregation trail-
ing edges have been reported on significantly larger length scales
(due to the use of higher substrate temperatures during the epi-
taxy) before.[®!] APT proves here to be highly suited to analyze
such rather subtle signatures of segregation and post-growth an-
nealing. In comparison, we found ToF-SIMS to reveal the slightly
retarded turn-on of Ge at the top interface, but to be resolution-
limited regarding the trailing edge at the bottom interface and
also the effect of post-growth annealing. We attribute the resolu-
tion limitation to the heterostructure-inherent strain relaxation.
Using an APT needle in horizontal configuration to increase the
analysis volume of the 10.5 nm thin QW, APT allowed us to assess
an isotope purity of the 2Si QW of 50 + 20ppm 2°Si and down
to the detection limit of 10ppm for *°Si. Additionally, we found
the upper boundary of the Ge composition within the Si QW to
be 0.3% in the horizontal needle configuration, which represents
an unprecedented level of precision in a segregation or diffusion
study in Si. This upper boundary agrees well with the parameter
C,.in(Ge) of our APT Ge concentration profile fit function which
increases from 0.21% in the as-grown to 0.42% in the annealed
QW and suggests that post-growth annealing may have slightly
increased the minimum Ge concentration present in the QW,
presumably as a consequence of annealing-induced post-growth
bulk diffusion.

Our theoretical model, which uses the fits to the experimen-
tal APT Ge concentration profiles as an input, provides strong
indications that it is actually the post-growth annealing, repre-
sentative of the maximum thermal budget applied during quan-
tum dot device processing, that is responsible for the experi-
mental observation of large valley splitting energies for the spin
qubits tested in this heterostructure. Indeed, the experimentally
observed and comparably small increase of two fit function pa-
rameters under post-growth annealing - the width of the top bar-
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rier and a concentration offset suggesting a non-zero minimum
Ge concentration around 0.3% in the QW - suffices to boost the
probability to find E, >200peV by more than a factor of 8 in
the model. Our study strongly points out the importance of sub-
tle Ge concentration changes in the direct environment of each
qubit wavefunction. Notably, our results suggest that the risk of
finding particularly low E, g may be significantly reduced in qubit
devices fabricated in comparatively thin QW heterostructures in
the regime of alloy fluctuation-dominated QW interfaces, in cor-
relation with recent experimental studies.333449]

Hence, by employing the outstanding resolution limits of APT
in Si/SiGe - in terms of depth resolution and also composition
resolution in a nanometer-scale probe volume - we show that
being able to experimentally determine realistic concentration
profiles down to the few-monolayer-limit and to concentrations
<1% allows to resolve signatures of thin film growth-inherent
phenomena like Ge segregation or slight post-growth anneal-
induced diffusion on such low length scales. Given that thin
QWs, atomically sharp interfaces, delta-like Ge spikes, sharp su-
perlattices or the addition of a precise concentration of Ge to the
QW are envisaged®13>%] as an ingredient for massive scalabil-
ity of spin qubits in Si/SiGe, empirical knowledge on such phe-
nomena at realistic sample fabrication conditions will be key to
develop viable novel heterostructure design approaches.

6. Experimental Section

Molecular Beam Epitaxy:  All heterostructures were grown in a solid
source molecular beam epitaxy (MBE) ultra high vacuum chamber
equipped with three independent electron beam evaporators for Si and Ge
of natural isotopic composition and isotope-purified 22Si with a 41 ppm
residual composition of 2° Si determined in APT. At first, a relaxed Si; _ ,Ge,
virtual substrate was grown on a Si(100) substrate without intentional mis-
cut with natural isotopic composition and increasing Ge composition x up
to a target composition of x = 30%. The growth temperature for the vir-
tual substrate was 500 °C. Next, 300 nm Siy ;Geq 3 was grown followed by
anominal 12 nm strained QW layer of 2Si. The growth temperature for the
QW was 350 °C with a deposition rate of 0.14 As~. Finally, a 45 nm relaxed
Sip 7Geg 3 layer was grown, capped by nominally 1.5 nm of natural Si.

Post-growth thermal treatment was done using a rapid thermal process
(RTP) for 15's at 700 °C with a 5 K s™' ramp on a SiC carrier, referred to as
the annealed heterostructure.

Atom Probe Tomography: For atom probe tomography (APT), an ad-
ditional 200 nm of electron beam evaporated amorphous silicon was de-
posited onto the SiGe heterostructure to prevent excessive damage dur-
ing focused ion beam (FIB) processing. All APT measurements were per-
formed on a Cameca local-electrode atom-probe (LEAP) 4000X-Si system
with a picosecond UV (wavelength of 355 nm) laser. The experimental con-
ditions were given by a base temperature of 30K, pulse repetition rate of
250kHz, detection rate of 1% and laser energy of 30 p). The sample re-
construction was done using the software IVAS. The STEM analysis was
performed on a TITAN (S)TEM from FEI using an accelerating voltage of
200kV. The sample was rotated in edge on condition and viewed along
the <110> direction. The HAADF-STEM images were processed using
Gatan’s digital micrograph software.

Prior to APT measurements, the needle-shape specimens were pre-
pared using the dual-beam FIB system (FEI Helios NanoLab 650i) and an-
nular Ga* milling. As has been reported, interface aberrations occur dur-
ing APT measurements for materials with changing evaporation fields.[>]
To infer these deviating effects, two specimen tips were prepared with
opposing direction as schematically shown in Figures 5a and 1b to indi-
vidually probe the top (bottom-up specimen tip) and bottom (top-down
specimen tip) QW interface. Both were referred as the vertical needle
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Figure 5. Schematic of the two tip geometries used for the APT analysis
of the Siy;Geg3/28Si/Siy;Geg 3 heterostructure: a) Vertical geometry. It
delivers the tips for our two different analysis configurations for the isotope
depth profiles in the QW, as highlighted by the dashed line: top-down (left)
and bottom-up (right), see also Figure 1b. b) Horizontal geometry.

configuration (Figure 5a). All specimen tips yield an approximate diam-
eter of 100 nm. The 3D specimen reconstruction was calibrated with high
resolution scanning transmission electron microscopy (HR STEM) mea-
surements of the QW thickness in the prepared specimen tips.

The sensitivity of APT was increased to spurious concentrations of Ge
and Si isotopes in the QW by preparing a needle in a horizontal config-
uration (Figure 5b). This allowed to integrate a larger volume of atoms
detected in the middle of the QW.[72] A 50 + 20ppm of residual 2°Si in the
geometric center of the QW was measured using mass-to-charge conver-
sion based on single and double charged Si isotopes as explained below.
In order to quantify the 2°Si composition within the 28Si QW, a crystalline
piece of the 28Si MBE source material (99.9957% 28Si single crystal with
41 ppm of 2Sil73]) was used as a reference sample. The mass spectra
obtained for both, single and double charged Si isotopes, are shown in
Figure 6. Both spectra reveal a discrepancy between the ratios of Siq, 5
over Siy, mass peaks (value is 3.8 x 107°) and ratio of Si,q over Si,g mass
peaks (valueis 5.5 x 107%). If the nominal 2°Si over 28Si isotope concentra-
tion ratio in the 99.9957% pure 28Si single crystal was calculated, a value of
4.1x 107> was obtained. This was almost the same as the value calculated
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Figure 6. APT mass spectrum of the 99.9957 pure 28Si single crystal ref-
erence sample. a) Double charged Si ions peaks Siy, 5 and Siy,. b) Single
charged Si ion peaks Si,q and Si,g mass peaks.
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for the Siy, 5 over Siy, mass peak ratio in Figure 6a. Thus, this APT deter-
mined ratio was correct, while the Si,q peak was overestimated by APT due
to the overlap with the SiH peak. Therefore, the correct 2°Si composition
determined by APT will be given by:

S
25 = <1+£>Si145 M
Sig ’

Applied to the APT data performed on the 99.9957 pure 28Si single crystal
reference sample, this expression yields a value of 41 + 10 ppm which fits
exactly to previous measurements.[”3]

Time-of-Flight Secondary lon Mass Spectrometry ToF-SIMS:  The SIMS
experiments were performed using an ION-ToF ToF.SIMS 5 system op-
erating in dual beam mode. While a first ion beam (500 eV O,*, 40 nA)
was sputtering a crater with a base area of 300 um x 300 um, a second
ion beam (15 keV Bi;*, 0.25 pA) was progressively analyzing an area of
75 pm X 75 pm in the center of the crater bottom. For optimum oxidation
of the sample, oxygen flooding with a partial pressure of 1 x 107 mbar
was used. The depths of the sputtered craters were determined with an
uncertainty of about 10% using a Bruker DektakXT mechanical profilome-
ter. Figure 7 shows the normalized intensities of 28Si and 7% 72 73, 74. 76 Ge
(sum of all Ge isotopes) versus depth in the QW region. By fitting Equa-
tion (2) the width of the QW was determined to be 10.5 + 0.1 nm.

Fit Model for the Si and Ge Concentration at the Interfaces:  For the anal-
ysis of the measured isotopic profiles, models based on error functions
and sigmoid functions have been widely used.[333357-5%] An error function
based concentration profile C(z) was used in this work, to describe both
heterostructure QW interfaces (the top interface and the bottom interface)
for X = Si or Ge:

on-$ (7)1 £ (o)
t

+Go(X) )

where z, and z, are the positions of the top and bottom interface along the
growth z-axis (defined by the concentration profile of Ge), respectively. The
corresponding interface width can be different in general and is given by
r, and r, respectively. The concentration steps at the interfaces are given
by C; and C, for the top and bottom interface, respectively. A constant
offset concentrations of C was also taken into account. Note that C, <
Cpnin» Where C,i,, is the minimum concentration of the profile, depending
on C, but also on the broadening of the interfaces and the quantum well
width. This model assumes a single constant parameter to describe the

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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interface width. Depending upon the growth conditions, more complex
profiles such as trailing edges can emerge, when Ge segregation affects the
Ge incorporation rate at the heterostructure growth front. Therefore, the
model was extened to capture such effects, which we dominantly observed
for the bottom interface. It is suggested to use a non-constant bottom
interface width r, (z; Ge) in Equation (2):

rre (Ge) — r, (Ge) < < z—zp—€
—_—— . (erf [ ———

ry(z; Ge) =

2 >+'|>+rb(Ge). 3)

rE
Here, we assume two regimes of different Ge incorporation rates split by
a specific Ge concentration threshold C(zy, + €; Ge) on the wafer surface
during growth, where ¢ < r,. For C(z; Ge) > C(z, + ¢; Ge), the interface
width is described by r, equivalent to the model in Equation (2). For C(z;
Ge) < C(z, + ¢; Ge), the interface width is rr > r, due to the decreased
Ge incorporation rate. For changing Ge concentrations approaching C(z,
+ ¢; Ge), a Gaussian transition was assumed from r, (Ge) to ryg(Ge) or
vice versa within 0 < r, < 2.5 nm. The latter limit was used to ensure
smooth transitions between both regimes and corresponds to the width
of the assumed Gaussian across the overall wafer.

Finally, a comparison of the interface width parameters r, and r, of the
error function model with the sigmoid model used in the literature for
recent analyses of CVD grown heterostructures is provided(3*331;

2 X—2zq X—25\3
-1= o 4
e () iy

where z is the position along the growth direction, z, is the position of
the material interface and 7 is the interface diffusion length in the sigmoid
model.13333] The used error function model for a single material interface
is described by

erf(X_rZO)z%X_rzo+(‘)<<x_rzo>3> (5)

Y

Hence, the relation between the interface widths respectively defined in
both models is 4 ~ /zr. This relation was used for making comparisons
in the table summarizing all measured APT needles in the Supporting In-
formation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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