RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Adaptive Epitaxy of C-Si-Ge-Sn: Customizable Bulk and

Quantum Structures

Omar Concepcion,* Ambrishkumar J. Devaiya, Marvin H. Zoellner, Markus A. Schubert,
Florian Bérwolf, Lukas Seidel, Vincent Reboud, Andreas T. Tiedemann, Jin-Hee Bae,
Alexei Tchelnokov, Qing-Tai Zhao, Christopher A. Broderick, Michael Oehme,

Giovanni Capellini,* Detlev Griitzmacher,* and Dan Buca*

1. Introduction

The successful demonstration of (Si)Ge, , Sn, alloys as direct-gap materials

for infrared lasers has driven intense research on group IV-based devices

for nanoelectronics, energy harvesting, and quantum computing applications.
The material palette of direct-gap group-IV alloys can be further extended

by introducing carbon to fine-tune their structural and electronic properties,
significantly expanding their functionality. This work presents heteroepitaxial
growth of C(Si)GeSn alloys using an industry-standard reduced-pressure chem-
ical vapor deposition reactor. The introduction of CBr, as a precursor enables
controlled incorporation of C atoms (<1 at.%) into the epilayer lattice, while
simultaneously increasing the Sn content in the CGeSn alloy up to ~18 at.%.
Carbon plays a key role in modulating strain, stabilizing the crystal structure,
and influencing material properties. By leveraging alloying and strain engineer-
ing, quaternary CSiGeSn bulk layers and CGeSn/GeSn heterostructures are
epitaxially grown. The impact of C incorporation on optical emission is investi-
gated in LEDs based on CGeSn/GeSn multiple quantum wells, demonstrating
enhanced near-infrared emission at 2.54 um, which is sustained up to room

temperature.

The pursuit of advanced semiconductor
materials has been central to technological
progress since the mid-20th century, fu-
eled by the continuous demand for faster,
more compact, and energy-efficient Com-
plementary  Metal-Oxide-Semiconductor
(CMOS) electronic devices. A key advan-
tage of novel CMOS-compatible materials
such as CrGeTe;!"? and specifically solely
group-IV semiconductor technologies lie
in their ability to extend on-chip function-
ality. In this respect, the development of
silicon photonics (SiP) has significantly
expanded the Si-microelectronic technolog-
ical platform, whose functionalities have
been further expanded by the integration
of germanium-based modules, enabling
efficient on-chip light waveguiding,’!
modulation, and photodetection.*>] In
the same vein, the scientific community
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is dedicating significant effort to develop an efficient on-chip
silicon-based light source, a critical component needed to com-
plete the monolithic SiP toolbox.[-#]

Another crucial functionality still missing from the Si-CMOS
platform is on-chip heat management — essential for energy har-
vesting, device cooling, and temperature control — where II-VI
materials have traditionally excelled,®! at least at on-chip tem-
peratures. Unfortunately, this class of materials, which includes
PbTe, poses health and environmental concerns and is not com-
patible with the Si-CMOS platform. Recently, GeSn alloys have
emerged as a promising alternativel’®] as CMOS-compatible
thermoelectric materials.

The incorporation of Sn into Ge and SiGe matrix to form bi-
nary GeSn or ternary SiGeSn alloys has emerged as a promis-
ing avenue for further material innovation.['?!3] Indeed, the
addition of Sn offers the possibility for bandgap and strain
engineering, enabling, e.g. the realization of direct bandgap,
CMOS-compatible group-IV semiconductors, which are criti-
cal for the development of the next generation of devices. The
Sn-based system has already been exploited to realize high-
performance nanowire FETs,['*1°] photodetectors,[!®! lasers, 1718
and LEDs,["%21] as well as to demonstrate suitable properties for
spintronics!??! applications.

The technological breakthrough required to enable mono-
lithic integration of photonic, electronic, thermoelectric, and
spintronic functionalities — paving the way for complex, energy-
efficient integrated circuits — can only be achieved using semi-
conductors based on group-1V elements: C, Si, Ge, and Sn. The
incorporation of C to realize quaternary C(Si)GeSn alloys can of-
fer even broader scope for bandgap engineering,!??*l and het-
erostructure design to deliver enhanced properties,>%! poten-
tially unlocking novel functionalities.

However, considering that the epitaxial growth of ternary
(Si)GeSn alloys is already highly challenging due to the
metastable nature of these compounds,!?-?! further incorporat-
ing C introduces a significant level of complexity. Carbon has
an even lower solid solubility in Ge (<0.1 at.%) compared to Sn
(<1 at.%), and its covalent radius (0.077 nm) is much smaller
than Ge (0.122 nm) and Sn (0.141 nm). As a result, C atoms in
C(Si)GeSn alloys are prone to precipitate or migrate into intersti-
tial positions during growth and/or post-processing. To alleviate
these challenges requires precise control over the growth param-
eters and material processing, to stabilize C incorporation and
harness its potential benefits in these quaternary group-1V alloys.

Despite recent reports of CGeSn growth on GaAsP*3 via
molecular beam epitaxy (MBE), or earlier reports of growth on
Si substrates via radio-frequency magnetron sputtering,®?! no
CMOS-compatible or industry-transferable chemical vapor depo-
sition epitaxy studies are available to date. Even though the Sn
content in those layers is relatively low (< 8 at.%) and the crys-
talline quality of the samples is relatively poor, reported absorp-
tion spectra confirm the potential to tune the bandgap via C in-
corporation, highlighting the material’s potential for bandgap en-
gineering.

To progress toward integration of quaternary alloys into the
CMOS platform, in this work, we report the epitaxial growth of
CGeSn and CSiGeSn semiconductors on 200 mm Si(001) sub-
strates using an industry-standard reduced-pressure chemical va-
por deposition (RP-CVD) method. We examine the role of key

Adv. Mater. 2025, 2506919 2506919 (2 of 10)

www.advmat.de

growth parameters, including precursor partial pressures and
growth temperature, on the alloy composition. A thorough inves-
tigation of the structural and optical properties highlights the role
of C atoms in governing heteroepitaxial strain relaxation mecha-
nisms and material properties. Particular focus is placed on the
interplay between C and Sn incorporation, which enables the for-
mation of crystalline C,(Si,)Ge, ., Sn, alloys having Sn concen-
trations reaching 18 at.%.

Building on these advancements, we present controlled epi-
taxy of high-quality bulk-like CGeSn and CSiGeSn alloys, and
demonstrate the growth of CGeSn/GeSn multiple quantum wells
(MQWs). This expansion of the group-IV materials palette paves
the way to realize innovative device architectures, potentially un-
locking novel functionalities for next-generation semiconductor
and photonic applications.

2. Results and Discussion

The C(Si)GeSn alloys were epitaxially grown on industry-grade
200 mm Si(100) wafers using a RP-CVD reactor. The respective
precursors employed for the deposition of C, Si, Ge, and Sn were
CBr,, Si,Hg, Ge,Hg, and SnCl,, respectively. A schematic illustra-
tion of the epitaxy process is shown in Figure 1a. To address the
significant lattice mismatch between the target Ge-rich alloys and
the Si substrate, a 300 nm thick, strain-relaxed Ge buffer layer was
first grown on the substrate. Epitaxial growth of C(Si)GeSn al-
loy layers was achieved at low deposition temperatures (< 380°C)
with Sn incorporation primarily regulated by the growth temper-
ature, as described elsewhere.[>*-3¢l Indeed, for binary GeSn alloy
epitaxy, a decreased growth temperature can produce an increase
of the Sn incorporation in Ge from 6 at.% to 14 at.%, at respective
fixed partial pressures of 12 and 0.8 Pa for the Ge,H, and SnCl,
precursors (Figure 1b, blue symbols).

To investigate the role of the CBr, precursor, the growth was
compared to equivalent growth of binary GeSn in which the par-
tial pressures of Ge,H, and SnCl,, as well as the reactor total
pressure (60 mbar), were kept fixed by adjusting the N, carrier
gas going into the reactor.

Interestingly, regardless of the growth temperature, the pres-
ence of the CBr, precursor significantly increases Sn incorpo-
ration (Figure 1b, gold symbols). At 330°C and a CBr, partial
pressure of 5 mPa, the CGeSn alloys achieve Sn concentration of
18 + 0.5 at.%, as determined by Rutherford backscattering spec-
trometry (RBS). We note here that such a high Sn concentration
could not be achieved in the reactor under any growth conditions,
when only the Ge,H, and SnCl, precursors!*’! were employed.
This result contrasts with that reported based on MBE growthl3!]
where, using the same CBr, precursor, an 83% decrease in Sn
content was observed and underlines the importance of the re-
action kinetics in the CVD system. The C content in the layer
was measured by calibrated, high-sensitivity secondary ion mass
spectroscopy (SIMS), the results of which are shown in the inset
to Figure 1b. Despite the extremely low CBr, partial pressure of
just 5 mPa, a noticeable increase in C concentration from 0.07
to 0.17 at.% is observed as the growth temperature is decreased
from 380 to 330 °C, mirroring trends seen in CSiGe and CSi
epitaxy.[38!

The impact of the CBr, precursor on the layer growth and
the alloy stoichiometry is analyzed at a growth temperature of
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Figure 1. CGeSn Epitaxy: a) Schematic illustration of the epitaxy process and the precursors used. b) Sn content of GeSn alloys as a function of growth
temperature, with and without the presence of CBr, in the reactor. Inset: C concentration as a function of growth temperature. c) Sn content in the CGeSn
layers as a function of the CBr, partial pressure ppcg,4 for two different SnCl, partial pressures at the same growth temperature. d) C concentration
versus ppcgs for the set of layers presented in (c). €) SIMS depth profile of C concentration in CGeSn layers grown at 340 °C at fixed ppg,ci4 = 1.2 Pa
and different CBr, partial pressures. f) Minimum channeling yield as a function of ppcg,4. Inset: the RBS/C spectra for two extreme cases.

340°C for two different SnCl, partial pressures, ppg,q4-. For each
PPsncs, the partial pressure of CBr,, ppcp,s, is varied between 0
and 7.4 mPa (Figure 1c). Increasing the ppcpg,, leads to a steady
enhancement of Sn incorporation in Ge: from 11.5 to 14.5 at.%
at pps,cis = 0.8 Pa, and from 13.5 at.% to 18 at.% at ppg,cs =
1.2 Pa. In the latter case, a maximum Sn concentration of 18 at.%
is achieved, but at a higher growth temperature compared to the
conditions described above.

The concentration of C in the film is found to be independent
of the partial pressure of the SnCl, precursor, and varies linearly
with the CBr, partial pressure, ranging from 0.06 to 0.18 at.%
for both sets of samples (Figure 1d). The C depth distribution
in CGeSn layers grown at a pps, 4 of 1.2 Pa and varying ppcgp,.
is presented in Figure 1e, highlighting a homogeneous C distri-
bution throughout the epilayer. Initial insight into the epitaxial
quality is obtained from RBS data taken in a channeling orienta-
tion. The RBS minimum channeling yield, y,,,, defined as the
ratio between the channeling and random signals, reflects the
crystalline quality of the layers. The parameter y,,;, is shown in
Figure 1f, together with the random and channeling RBS spectra
for two extremal cases: ppcy,, = 2.5 and 7.5 mPa (inset). For most
samples, low y .. values of ~5-7% are measured, indicating high
crystallinity.**) However, at the highest ppcp.y = 7.5 mPa, z,.,
significantly increases to #20%, indicating severe degradation of
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the CGeSn layer’s crystallinity. Similar behavior was found by T.
Yamaha et al.*?] where relatively high C incorporation results in
the formation of polycrystalline CGeSn layers.

2.1. Lattice-Strain Evolution in GeSn and CGeSn Layers

The substitution of Ge atoms by larger Sn atoms induces com-
pressive strain, whereas the incorporation of smaller atoms, such
as Si or C, introduces tensile strain. By balancing these opposing
effects, itis in principle possible to grow lattice-matched or strain-
compensated C(Si)GeSn epilayers and heterostructures on Ge.
High-resolution symmetric 26-w X-ray diffraction (XRD) scans
along the (004) plane reveal the complex strain landscape in the
epitaxial GeSn and CGeSn layers (Figure 2a,b). All epitaxial lay-
ers have a total thickness of ~330-360 nm, exceeding the critical
thickness for strain relaxation, h,. Two distinct diffraction peaks
related to the GeSn layer growth are observed: the first peak cor-
responds to pseudomorphic growth (Ge,,Sn,,) that undergoes
in-situ heteroepitaxial strain relaxation after the critical thickness
is exceeded, while the second corresponds to the subsequently
grown layer possessing higher Sn concentration (Ge, ,,Sn,,). The
difference in Sn content between the two GeSn layers is ~1-
2 at.% for higher Sn contents. For all binary GeSn alloys, the
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Figure 2. X-ray analyses: Symmetric 26-w XRD scans along the (004) plane for a) GeSn, layers with different Sn content, used as comparison reference;
b) C,Ge.(Sn, layers grown at a constant temperature of 340 °C for ppg,cj4 = 0.8 and 1.2 Pa. The central values indicate the ppcg,4 value and the
corresponding C concentration in the layers. x; and x, denote the Sn content of the two layers formed during growth (marked by arrows) and their
relative intensity is marked by the thickness of the arrows. c) Asymmetric XRD-RSM maps along the (224) crystal plane of CGeSn layers at different
values of ppcg.4. The diagonal and vertical dotted lines represent the cubic (fully relaxed lattice) and pseudomorphic growth (Ge lattice matched),

respectively.

second (upper) GeSn layer has a larger thickness h, indicated by
the higher peak intensity of the XRD spectra (thicker arrows in
Figure 2a), which scales ~h? for a crystalline layer. For the ternary
CGeSn alloys, the thickness relation of the two layers changes
with the C incorporation. At a C content of 0.12 at.%, the XRD in-
tensity of the two layers reverses, potentially indicating retarded
plastic relaxation associated with an increase in h_. Such behav-
ior was previously observed for CSiGe alloys.!*! Further C incor-
poration results in a single XRD peak. This behavior is consis-
tent with C inhibiting the strain relaxation, discussed below in
Figure 3, and is exemplified using 26-w XRD scans in Figure 2b
for the growth conditions presented in Figure 1c.

Additional information is obtained from the asymmetric (224)
X-ray reciprocal space maps (RSM) in Figure 2c. The vertical line
corresponds to pseudomorphic growth, i.e., a -in general- biaxi-
ally stressed crystal structure in which the in-plane lattice param-
eter matches that of the underlying Ge buffer layer. The cubic
line represents the strain-free (cubic) crystal structure. The Ge
buffer layer signal is below the line, indicating a slight biaxial
tensile strain, eg. = +0.10%, typical of Ge buffer layers grown
on Si.l*1l The (C)GeSn signals are all above the cubic line, indi-
cating biaxial compressive stress. Starting from the position of
the Ge, g55Sn, 145 reference sample, under a —0.3% biaxially com-
pressive strain, the CGeSn in-plane lattice constant shifts pro-
gressively toward the pseudomorphic line with increasing ppcg,, -
This corresponds to a continuous build-up of biaxial compres-
sive strain. For the sample containing 0.12 at.% C, the XRD
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peak shift is smaller, corresponding to a smaller increase in Sn
content after relaxation (see Figure 2b), and their intensity re-
verses, indicating a larger critical thickness. At a concentration
0f0.18 at.% C (ppcp,« = 7.4 mPa), the CGeSn alloy exhibits a sin-
gle dominant RSM peak, aligned with the fully pseudomorphic
condition (%—2% compressive strain), accompanied by a weak
intensity over a broad range of lattice parameters, suggesting sig-
nificant lattice distortion.

2.2. Dislocation Dynamics and Strain Relaxation

When the thickness of a strained epitaxial layer exceeds the
critical thickness, it becomes energetically favorable to mini-
mize energy via plastic relaxation, e.g. by forming defects and
dislocations.[*?*] Similar to the well-known case of [001] SiGe
alloys, here we find that the epilayers relax by generating 60°
threading dislocations (TDs). These dislocations glide along the
<110> crystal directions on the {111} planes, driven by the lat-
tice stress. As a result, a misfit dislocation (MD) network forms
at the (C)GeSn/Ge interface. In SiGe alloys, carbon incorpora-
tion is known to introduce localized strain fields around C lattice
sites, distorting the lattice structure and raising the Peierls bar-
rier energy, thereby hindering dislocation propagation. In GeSn
alloys, strain relaxation predominantly occurs via 90° disloca-
tions, also known as Lomer dislocations.!*] When a 60° disloca-
tion encounters a Lomer dislocation on the same slip plane, the
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Figure 3. Structural characterization: Structural and morphological characterization of the (C)GeSn samples via HR-TEM micrographs, including 2D
and 1D EDX map and line scans, and surface AFM scans, as a function of ppcg,4 during growth.

interaction typically impedes the 60° dislocation or increases the
energy required for it to continue propagating. The increase in
carbon concentration results in less efficient strain relaxation,
consistent with observations in X-ray reciprocal space maps
showing increased strain retention with higher carbon content
(Figure 2c).

This change in dislocation dynamics is clearly evidenced in
transmission electron microscopy (TEM) and atomic force mi-
croscopy (AFM) measurements (Figure 3). The GeSn reference
sample and the lowest C-content CGeSn layer (0.06 at.% C) dis-
play high crystalline quality in the TEM images, with only MDs
evident. The cross-hatch pattern observed via AFM (Figure 3a,b)
is a typical surface manifestation of the strain fields caused by
these MDs.[**] The presence of a uniform cross-hatch pattern in-
dicates uniform strain relaxation and high-quality epitaxy.!?®] In-
creasing the C content in the epitaxial GeSn layer, the observed
TD density increases, and finally, a highly dislocated layer is
formed for the highest C-concentration of 0.18 at.%. As a con-
sequence, the cross-hatch pattern gradually transitions into a
rough-textured surface, as seen in the AFM images in Figure 3.
As discussed below, these defects can act as traps for photoexcited
carriers, constituting strong centers for non-radiative (Shockley-
Read-Hall) recombination.[*647]

The 2D energy-dispersive X-ray (EDX) elemental maps, show-
ing the Ge and Sn contents, and the 1D Sn content distribution
line scans, confirm the formation of two-layer elucidated above
via XRD: C incorporation acts to limit strain relaxation, increas-
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ing the critical thickness, an effect that is observable even at an
ultra-dilute C content of 0.06 at.% (Figure 3b), and also in thicker
layers having C content 0.12 at.% C (Figure 3c).

These CGeSn epitaxial growth experiments yield four key con-
clusions: i) an increase in CBr, partial pressure leads to higher
concentrations of both Sn and C, with the effect being more pro-
nounced for Sn; ii) C incorporation in ternary CGeSn alloys de-
pends on the growth temperature and the CBr, partial pressure,
but is largely independent of SnCl, partial pressure; iii) the crys-
talline quality of the epitaxial layers rapidly degrades with increas-
ing C content due to dislocation pinning. This approach provides
a novel method to tune Sn content at constant growth temper-
ature, where the other precursor parameters have already been
optimized.

2.3. Theoretical Band Structure Consideration and Optical
Properties

Detailed understanding of the electronic structure of highly-
mismatched group-IV dilute carbide alloys, including binary
CGe, is not yet extensive, and is completely lacking for ternary
CGeSn and quaternary CSiGeSn alloys. For group-IV-based
lasers, incorporation of C has been proposed as a solution to en-
able room-temperature operation of electrically pumped GeSn
lasers.[*8] However, this proposal relies on one of two competing
descriptions of the electronic and optical properties of Ge, C,
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Figure 4. Optical study: a) PL emission from (C)GeSn layers grown at different CBr, partial pressures. For clarity, the same y-scale is used, and an
amplification factor for the peak PL intensities has been used. b) Normalized PL emission of the GeSn (blue) and CGeSn (red) samples of (a).

alloys. These analyses of the Ge, ,C, electronic structure can be
understood by analogy to the highly-mismatched III-V dilute ni-
tride alloys GaN,As, , and GaN, P, .[*>% Based on calculations
for idealized ordered alloys, Stephenson et al.>!*2] proposed that
substitutional C in Ge acts like N in GaAs, producing a localized
state above the I'-point of the conduction band (CB) edge. This lo-
calized C state undergoes a band-anticrossing (BAC) interaction
with the I'-valley CB edge of the Ge host matrix, producing a di-
rect band gap by pushing a primarily Ge-derived state downward
in energy.[}! This, in turn, is expected to lead to a high radiative
recombination rate since the alloy CB minimum is then derived
primarily from the Ge I'-valley CB edge, which has a high optical
matrix element with the comparatively unperturbed Ge, C, al-
loy valence band (VB) maximum. Conversely, Broderick et al.[33]
predicted that the Ge, ,C, electronic structure is akin to that of
GaN,P, . In this case, the CB minimum in an ordered Ge, ,C,
alloy is primarily comprised of a linear combination of indirect
Ge L-point minimum states, possessing a low optical matrix ele-
ment with the VB maximum, and hence producing a “pseudo-
direct” bandgap with a low radiative recombination rate. This
interpretation is consistent with the pressure-dependent calcu-
lations of Kirwan et al.l’*! Furthermore, by considering realis-
tic disordered alloys, Broderick et al.>*] showed that the optical
transition strength associated with the direct bandgap is signif-
icantly degraded in the presence of short-range C-related alloy
disorder. In this case, C incorporation produces a distribution
of localized impurity states within the Ge bandgap, with the de-
gree of impurity state localization increasing for larger clusters
of neighboring C atoms, whose associated localized states lie en-
ergetically deeper within the Ge bandgap. These C-related local-
ized states hybridize strongly with the I"-valley CB edge state, dis-
tributing the I'-valley CB edge character across a large number
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of localized states in a disordered Ge, ,C, alloy. This results in
no single alloy CB state having a large optical matrix element for
transitions to the VB edge, thereby suppressing the intensity of
optical emission from C-containing alloy samples. This strong
C-induced hybridization distributes I'-valley CB edge character
across a multiplicity of alloy states of differing energy, driving
strong inhomogeneous spectral broadening of the optical emis-
sion. The measured PL from C-containing alloys is thus predicted
to be markedly suppressed and strongly inhomogeneously broad-
ened. This, combined with the potential that deep C-related de-
fects could act as centers for non-radiative Shockley-Read-Hall re-
combination, suggests that C incorporation can degrade optical
emission in the presence of significant C clustering.!*]

Experimentally, Figure 4a compares the photoluminescence
(PL) emission spectra at 77 K of GeSn and CGeSn epilayers. The
introduction of dilute amounts of C in bulk GeSn alloys strongly
suppresses optical emission, showing a strong decrease in the
PL intensity with increasing C content. A redshift of 11 meV is
observed between the binary GeSn alloy and the ternary CGeSn
alloy containing only 0.06 at.% C (Figure 4b). This energy shift is
in line with the expected bandgap reduction of GeSn, due to an
increase in Sn content driven by the presence of the C precursor
CBr,. This is in line with aspects of the theoretical predictions
of both Stephenson et al.l’**2l and Broderick et al.[3] The sharp
reduction in PL intensity, even at ultra-dilute C content, is consis-
tent with the analysis and predictions of Broderick et al.>3] This
suggests that a degradation of the optical emission may be an in-
trinsic consequence of the impact of C incorporation on the alloy
electronic structure, and is not directly attributable due to poor
crystalline quality.

The primary challenge in CGeSn epitaxy is achieving semicon-
ductors with high crystalline quality. This suggests that it may
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Figure 5. Quaternary CSiGeSn alloys: Asymmetric XRD-RSM along the (224) crystal plane of a) ternary SiGeSn and b) quaternary CSiGeSn layers. c) 3D
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elements is present in the layer. d,e) HR-TEM micrographs of a CSiGeSn layer at different magnifications. Insets e;,e,: Lomer dislocations where a {111}

plane is missing.

be beneficial to pursue the growth of strain-compensated het-
erostructures, thereby eliminating the need for strain relaxation.
Two approaches can be considered in this regard:

i) Intrinsic strain engineering: This involves adding an element
that adjusts the lattice parameter, balancing the effects of C and
Sn strain, e.g. via co-incorporation of Si.

ii) Extrinsic strain engineering: Instead of growing CGeSn alloys
directly on Ge, they can be grown on GeSn relaxed buffers, re-
ducing the stress experienced by the lattice. This approach also
allows for the deposition of an intermediate high Sn-content
layer to enable strain balancing in MQW structures, facilitating
the growth of arbitrarily thick active layers.

2.4. Intrinsic Strain Engineering: Quaternary CSiGeSn Alloys

Epitaxial growth of semiconductor heterostructures based on
group-IV elements is driven by the potential to introduce new
functionalities to the existing CMOS platform, along with the sig-
nificant opportunity to produce cost-effective group-1V integrated
circuits in high-volume commercial Si foundries. The group-IV
semiconductor alloy palette spans from binary SiGe or GeSn to
ternary CGeSn and SiGeSn, ultimately reaching the quaternary
CSiGeSn system. While real-world challenges including solubil-
ity, segregation, and stability must be addressed in practical epi-
taxy, theoretical predictions suggest that these alloys could exhibit
a direct bandgap ranging from 1.5 to —0.4 eV.2°]

Following the growth methodology described above and
elsewhere,?] ternary SiGeSn and quaternary CSiGeSn thin epi-
taxial layers have been grown. As for the case of binary GeSn, the
introduction of CBr, drives C incorporation and enables epitaxial
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growth of quaternary CSiGeSn alloys. A comparison of the XRD-
RSM spectra of 300 nm thick SiGeSn and CSiGeSn layers, grown
under similar conditions, is presented in Figure 5a,b. By intro-
ducing CBr, with ppcp,s = 5 mPa, the epitaxial Si, osGe,g;Sn, 1,
layer changes its stoichiometry by increasing its Sn content and
C incorporation. The XRD-RSM peak shifts upward, indicating
a slight increase in strain in the layer, while the lattice strain re-
laxation remains almost constant at ~75%. Distinct from the epi-
taxy of ternary CGeSn under the same growth conditions, the en-
hancement in Sn content is slightly reduced by ~1 at.%. This may
be attributed to the role of Si atoms in lowering surface energy
and influencing diffusion kinetics during epitaxy. Atom probe to-
mography (APT) data show a uniform 3D distribution of the con-
stituent group-IV atoms, without any indication of C clustering
or Sn segregation (Figure 5c). The line-depth profile enables the
determination of the atomic concentrations of Si, Ge, and Sn (up-
per scale), while the C concentration (lower scale) of 0.15 at.% C
is determined via SIMS using C calibration samples. The high
crystallinity of the layer is confirmed by HR-TEM images, shown
in Figure 5d,e, which also reveal the presence of a Lomer dislo-
cation, where a {111} plane is missing. No cross-layer threading
dislocations are observed in the investigated sample area, and a
sharp interface is visible between the quaternary CSiGeSn layer
and the Ge buffer layer, the latter of which contains misfit dis-
locations. Si incorporation compensates for the increased defect
densities resulting from the enhancement of Sn, due to the in-
troduction of CBr, in the growth process.

This growth and characterization study presents comprehen-
sive experimental evidence of the epitaxial growth of a quater-
nary thin film containing the group-1V elements C, Si, Ge, and
Sn. This achievement pioneers a novel approach to engineer and
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Figure 6. CGeSn/GeSn MQWSs heterostructures: a) Schematic 3D image of the CGeSn/GeSn MQW heterostructure. b) Asymmetric RSM and (inset)
symmetric 20- XRD scans showing oscillation fringes, which indicate high crystalline quality and well-defined well/barrier interfaces. c) SIMS elemental
depth spectra and (c;) 3D map of C and Sn elements by APT, indicating C incorporation only in the well layers. d) Cross-sectional TEM image and
corresponding EDX map showing the Sn concentration difference between the wells and barrier layers. e) Temperature-dependent EL spectra for the
80 um radius micro-disk LED. e;) EL comparison at 5K of GeSn/GeSn and CGeSn/GeSn MQWs grown under similar conditions.

enhance the electronic and optical properties of group-1V alloys,
paving the way for advanced device development.

2.5. Extrinsic Strain Engineering: Advanced CGeSn/GeSn MQWSs
Heterostructures

An alternative approach to avoid large strain build-up in a ternary
CGeSn layer is to employ growth on a strain-relaxed GeSn buffer.
This approach is typically used in the growth of the strain-
relaxed GeSn/SiGeSn MQWs, as employed in optically’®®! and
electrically pumped lasers.['”] Several sets of 5x{14 nm CGeSn
well/17 nm GeSn barrier} MQWs have been grown on top of
a 300 nm boron-doped Ge,o;Sn,,, buffer layer, which is used
as the bottom contact of a vertical light-emitting MQW diode
(Figure 6a). The well/barrier composition profile is obtained by
decreasing/increasing the N, carrier gas flow, while keeping the
deposition temperature constant.’”] The CBr, precursor is intro-
duced during the growth of the wells and is expected to further in-
crease the Sn content, thereby reducing the well bandgap to pro-
duce type-I CGeSn/GeSn band alignment, confining both elec-
trons and holes in the CGeSn wells. The stack is completed with
a highly phosphorus-doped Ge, 3,Sn, ;, layer as a top contact.
As can be observed in the (224) XRD-RSM of Figure 6b, the
GeSn buffer layer is highly relaxed (~85%), and the CGeSn/GeSn
MQWs are pseudomorphically grown on top of it. The ap-
pearance of satellite peaks indicates the presence of smooth
CGeSn/GeSn interfaces, and high crystallinity in the MQW
structures. The elemental composition and atomic distribution
of each structure were respectively investigated by SIMS and APT
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(Figure 6¢). C is found to be present only in the CGeSn well lay-
ers, and no indications of C clustering or Sn segregation were ev-
identin the APT data. The high crystalline quality is evidenced by
cross-sectional TEM micrography (Figure 6d), while correspond-
ing EDX mapping reveals the Sn concentration difference be-
tween the well and barrier layers.

The optical quality of the MQW structures was investigated
via electroluminescence (EL) measurements. Vertical micro-disk
LEDs were fabricated using standard Si technology (see Ref. [17]
for details). The temperature-dependent EL spectra up to 150 K
from a diode of 80 um radius, for a current density of 0.7 kA cm~2,
are shown in Figure 6e. The peak EL emission lies in the near-
infrared, centred at a wavelength of 2.54 um at 5 K. For compar-
ison, a LED based on a similar C-free GeSn/GeSn heterostruc-
ture, was fabricated. For that reference structure, the Sn content
was determined to be 2 at.% lower than in the CGeSn/GeSn
structure, when CBr, was introduced during the growth of the
C-containing quantum wells. This difference in Sn content re-
sults in a blueshift of the LED emission wavelength in the ref-
erence structure (Figure 6e inset). However, the EL intensity of
the CGeSn MQW is reduced by ~50% vs. that from the refer-
ence C-free GeSn MQW. This is consistent with the reduction in
emission intensity observed in our PL measurements on bulk-
like ternary CGeSn epilayers (Figure 4a), but note that the ex-
tent of this reduction is well mitigated in the MQW structures.
The optical emission spectra from CGeSn bulk (Figure 4) and
MQW heterostructures (Figure 6) provide evidence of the funda-
mental zone-center CB-VB transition in direct bandgap CGeSn
alloys. Following this proof-of-principle demonstration of optical
emission, more detailed experimental data — e.g. on the impact
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of varying C concentrations and QW thickness — are required to
confirm the potential of this new class of direct bandgap group-
IV heterostructure, and to investigate the hypothesis that C can
act as a source of non-radiative recombination.

These findings significantly expand the design space for direct
bandgap group-IV heterostructures. To our knowledge, this con-
stitutes the first demonstration of growth of a quaternary group-
IV alloy containing all of C, Si, Ge, and Sn. Ongoing material
characterization will be crucial for understanding the properties
of Group IV alloys and for developing innovative methods to tai-
lor and enhance their electronic and optical performance, ulti-
mately accelerating progress in advanced semiconductor tech-
nologies.

3. Conclusion

Using an industry-standard CVD reactor, high-quality epitaxial
growth of CMOS-compatible all-group-IV semiconductors was
demonstrated. Incorporating CBr, as a C precursor in the es-
tablished direct bandgap GeSn system allows to realize ternary
CGeSn alloys. The addition of CBr, to Ge,H; and SnCl, precur-
sors in an inert N, atmosphere was found to enhance Sn incor-
poration in Ge, offering a novel route to achieve high-Sn content
at increased growth temperature, opening a new pathway to im-
prove crystalline quality in all group-IV epitaxy. In strained lay-
ers, C incorporation suppresses dislocation migration and delays
plastic strain relaxation by increasing critical thickness, leading to
reduced crystalline quality that limits the potential of bulk CGeSn
for optoelectronic applications. However, this challenge can be
addressed by growing CGeSn/GeSn MQW heterostructures on a
strain-relaxed GeSn buffer layer. These heterostructures demon-
strate high crystal quality, and their potential is confirmed via the
demonstration of near-infrared emission at 2.54 pm in prototype
LEDs fabricated from these advanced all-group-IV heterostruc-
tures. Furthermore, we demonstrate that co-alloying Si, via a
Si, H, precursor, mitigates the formation of C-induced crystalline
defects, enabling the growth of high-quality quaternary CSiGeSn
semiconductor alloys.

To our knowledge, this study is the first to report epitax-
ial growth of an all-group-IV CSiGeSn alloy, as well as direct
bandgap CGeSn-based MQW heterostructures. Having estab-
lished the growth of these new direct bandgap group-IV semicon-
ductors, further research is required to understand their proper-
ties and potential applications. Despite identified challenges, our
results highlight a promising path toward monolithic integration
of all-group-1V semiconductors.

4. Experimental Section

The Sn content, thickness, and crystalline quality of the C(Si)GeSn films
were extracted by fitting the random/channeling Rutherford backscatter-
ing spectroscopy (RBS) spectra using a Tandetron accelerator with 1.4
MeV He+ ion beam. Calibrated secondary ion mass spectrometry (SIMS,
ION-TOF 5 system) and atom probe tomography (APT) were employed
to determine Si, Sn, and C elemental concentration and spatial distribu-
tion through the thin epitaxial film. The stoichiometry values were used
to extract the strain values through X-ray diffraction reciprocal space
maps (XRD-RSM) measurements using a Rigaku SmartLab diffractome-
ter. Atomic Force Microscopy (AFM, Bruker Veeco Dimension Icon) was
used to reveal the surface morphology and roughness of the grown lay-
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ers. The crystal structure and the atomic arrangement were accessed via
FEI Titan 80-300 high-resolution transmission electron microscopy (HR-
TEM). Scanning TEM-EDX measurements were carried out using a 200
keV FEI Tecnai Osiris system. The photoluminescence (PL) signal from
the samples was collected perpendicular to their surfaces using a com-
mercial mid-infrared optical microscope from Bruker. The signal was then
analyzed with an Invenio-R Fourier transform infrared (FTIR) spectrom-
eter. Detection was carried out using an N,-cooled InSb photodetector.
Prior to measurements, thorough spectral calibration of the spectrometer,
photodetectors, and internal source was performed. Electroluminescence
(EL) measurements were done in a Bruker VERTEX 80 v FT-IR spectrome-
ter, and their light emission was analyzed using a Fourier-transform spec-
trometer in step-scan mode, which detects the modulated signal intensity
with a lock-in amplifier to achieve a higher signal-to-noise ratio and, hence,
better visibility for low-intensity signals.

Acknowledgements

The authors acknowledge financial support from the German Research
Foundation (DFG) under project nos. 537127697 “Thermoelectric prop-
erties of SiGeSn microdevices” and “431314977/GRK2642”, and from the
European Commission for the LASTSTEP project under grant agreement
no. 101070208. C.A.B. was supported by a Royal Society-Research Ireland
University Research Fellowship (URF; grant no. URF/R1/231340).

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
C(Si)GeSn alloys, epitaxial growth, multi quantum wells, RP-CVD
Received: April 24, 2025

Revised: May 16, 2025
Published online:

[1] B.Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R. Cheng, K. L.
Seyler, Di. Zhong, E. Schmidgall, M. A. McGuire, D. H. Cobden, W.
Yao, D. Xiao, P. Jarillo-Herrero, X. Xu, Nature 2017, 546, 270.

[2] H.Yang, F. Wang, H. Zhang, L. Guo, L. Hu, L. Wang, D.-J. Xue, X. Xu,
J. Am. Chem. Soc. 2020, 142, 4438.

[3] M. Montesinos-Ballester, V. Vakarin, |. M. Ramirez, Q. Liu, C. Alonso-

Ramos, X. Le Roux, ). Frigerio, A. Ballabio, A. Barzaghi, L. Deniel, D.

Bouville, L. Vivien, G. Isella, D. Marris-Morini, Commun. Mater. 2020,

1, 8.

S. Lischke, A. Peczek, |. S. Morgan, K. Sun, D. Steckler, Y. Yamamoto,

F. Korndorfer, C. Mai, S. Marschmeyer, M. Fraschke, A. Kriiger, A.

Beling, L. Zimmermann, Nat. Photonics 2021, 15, 925.

T. Ochiai, T. Akazawa, Y. Miyatake, K. Sumita, S. Ohno, S. Monfray,

F. Boeuf, K. Toprasertpong, S. Takagi, M. Takenaka, Nat. Commun.

2022, 13, 1.

D. ). Lockwood, L. Pavesi, Silicon Photonics. Topics in Applied Physics,

Springer, Berlin, Heidelberg 2004, 1-50.

[4

[5

[6

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95U8917 SUOWIWOD SAIIR1D 3|qeal|dde au Ag peussnob afe sopie O ‘8sn Jo o o) ARIg1T 8UIIUQ 8|1 UO (SUONIPUOO-PUR-SWLB)/W0Y A8 1M A el 1pul|uo//sdny) SUORIpUOD pue swie | 841 89S *[5z0z/90/ST] Uo Ariqiauluo 8|1 ‘616905202 BWPe/Z00T 0T/I0p/W0d a1 ATelq 1 jpuljuo"peaueApe//:sdiy Wolj pepeojumod ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

7]

(8]
9]

(1]

!

[12]

(13]
[14]

[15]

[16]

[17]

(18]

[19]

(20]
(2]

(22]

(23]

[24]

(25]
[26]
[27]

28]

(29]

(30]

(31

Adv.

ADVANCED
MATERIALS

Y. Han, Y. Han, H. Park, ). Bowers, K. M. Lau, K. M. Lau, Adv. Opt.
Photonics 2022, 14, 404.

D. Liang, J. E. Bowers, Light Adv. Manuf. 2021, 2, 59.

C. Li, Y. Luo, W. Li, B. Yang, C. Sun, W. Ma, Z. Ma, Y. Wei, X. Li, . Yang,
Chip 2024, 3, 100096.

O. Concepcidn, ). Tiscarefio-Ramirez, A. A. Chimienti, T. Classen, A.
A. Corley-Wiciak, A. Tomadin, D. Spirito, D. Pisignano, P. Graziosi,
Z. lkonic, Q. T. Zhao, D. Griitzmacher, G. Capellini, S. Roddaro, M.
Virgilio, D. Buca, ACS Appl. Energy Mater. 2024, 7, 4394.

D. Spirito, N. von den Driesch, C. L. Manganelli, M. H. Zoellner, A.
A. Corley-Wiciak, Z. Ikonic, T. Stoica, D. Griitzmacher, D. Buca, G.
Capellini, ACS Appl. Energy Mater. 2021, 4, 7385.

O. Moutanabbir, S. Assali, X. Gong, E. O'Reilly, C. Broderick, B.
Marzban, J. Witzens, W. Du, S.-Q. Yu, A. Chelnokov, D. Buca, D. Nam,
Appl. Phys. Lett. 2021, 118, 110502.

R. Soref, D. Buca, S.-Q. Yu, Opt. Photonics News 2016, 32.

M. Liu, Y. Junk, Y. Han, D. Yang, |. H. Bae, M. Frauenrath, J.-M.
Hartmann, Z. lkonic, F. Barwolf, A. Mai, D. Griitzmacher, J. Knoch,
D. Buca, Q.-T. Zhao, Commun. Eng. 2023, 2, 1.

M. Liu, D. Yang, A. Shkurmanov, J. H. Bae, V. Schlykow, J.-M.
Hartmann, Z. Ikonic, F. Baerwolf, I. Costina, A. Mai, ). Knoch, D.
Gritzmacher, D. Buca, Q.-T. Zhao, ACS Appl. Nano Mater. 2021, 4,
94,

E. Talamas Simola, V. Kiyek, A. Ballabio, V. Schlykow, J. Frigerio, C.
Zucchetti, A. De lacovo, L. Colace, Y. Yamamoto, G. Capellini, D.
Griitzmacher, D. Buca, G. Isella, ACS Photonics 2021, 8, 2166.

L. Seidel, T. Liu, O. Concepcién, B. Marzban, V. Kiyek, D. Spirito,
D. Schwarz, A. Benkhelifa, ). Schulze, Z. Ikonic, . M. Hartmann, A.
Chelnokov, ). Witzens, G. Capellini, M. Oehme, D. Griitzmacher, D.
Buca, Nat. Commun. 2024, 15, 10502.

Y. Zhou, S. Ojo, C.-W. Wu, Y. Miao, H. Tran, ). M. Grant, G. Abernathy,
S. Amoah, ). Bass, G. Salamo, W. Du, G.-E. Chang, ). Liu, ). Margetis,
J. Tolle, Y.-H. Zhang, G. Sun, R. A. Soref, B. Li, S.-Q. Yu, Photonics Res.
2022, 10, 222.

D. Stange, N. von den Driesch, D. Rainko, S. Roesgaard, |. Povstugar,
J.-M. Hartmann, T. Stoica, Z. lkonic, S. Mantl, D. Gritzmacher, D.
Buca, Optica 2017, 4, 185.

M. R. M. Atalla, S. Assali, G. Daligou, A. Attiaoui, S. Koelling, P.
Daoust, O. Moutanabbir, ACS Photonics 2024, 11, 1335.

S. Wu, L. Zhang, R. Wan, H. Zhou, K. H. Lee, Q. Chen, Y.-C. Huang,
X. Gong, C. S. Tan, Photonics Res. 2023, 11, 1606.

E. Longo, O. Concepcién, R. Mantovan, M. Fanciulli, M. Myronov, E.
Bonera, J. Pedrini, D. Buca, F. Pezzoli, Adv. Quantum Technol. 2024,
8, 2400508.

I. A. Gulyas, C. A. Stephenson, Q. Meng, S. R. Bank, M. A Wistey, J.
Appl. Phys. 2021, 129, 55701.

C. A. Stephenson, W. A. O’Brien, M. W. Penninger, W. F. Schneider,
M. Gillett-Kunnath, ). Zajicek, K. M. Yu, R. Kudrawiec, R. A. Stillwell,
M. A. Wistey, J. Appl. Phys. 2016, 120, 53102.

S. ). Sandoval, D. N. Talwar, Inorganics 2024, 12, 100.

R. Soref, Opt. Mater. Express 2014, 4, 836.

M. Bauer, ). Taraci, ). Tolle, A. V. G. Chizmeshya, S. Zollner, D. J.
Smith, . Menendez, C. Hu, J. Kouvetakis, Appl. Phys. Lett. 2002, 87,
2992.

N. von den Driesch, D. Stange, S. Wirths, G. Mussler, B. Hollander,
Z. lkonic, ). M. Hartmann, T. Stoica, S. Mantl, D. Griitzmacher, D.
Buca, Chem. Mater. 2015, 27, 4693.

N. von den Driesch, D. Stange, S. Wirths, D. Rainko, |. Povstugar,
A. Savenko, U. Breuer, R. Geiger, H. Sigg, Z. lkonic, J. Hartmann, D.
Griitzmacher, S. Mantl, D. Buca, Small 2017, 13, 1603321.

T. Dey, M. S. Reza, A. Arbogast, M. W. Holtz, R. Droopad, S. R. Bank,
M. A. Wistey, Appl. Phys. Lett. 2022, 121, 2834170.

T. Dey, A. W. Arbogast, Q. Meng, M. S. Reza, A. |. Muhowski, J.
J. P. Cooper, E. Ozdemir, F. U. Naab, T. Borrely, . Anderson, R. S.

Mater. 2025, 2506919 2506919 (10 of 10)

(32]

(33]

(34]
35]

36]

(37]

38]

(39]
[40]
[47]

(42]

[43]

[44]

45]

[46]

(47]

48]

(49]
(50]

[51]

[52]
[53]
[54]

[55]

www.advmat.de

Goldman, D. Wasserman, S. R. Bank, M. W. Holtz, E. L. Piner, M. A.
Wistey, J. Appl. Phys. 2023, 134, 193102.

T. Yamaha, K. Terasawa, H. Oda, M. Kurosawa, W. Takeuchi,
N. Taoka, O. Nakatsuka, S. Zaima, Jpn. J. Appl. Phys. 2015, 54,
04DHO08.

D. Gritzmacher, O. Concepcién, Q. T. Zhao, D. Buca, Appl. Phys. A
Mater. Sci. Process. 2023, 129, 1.

J.-M. Hartmann, M. Frauenrath, ). Richy, ECS Trans. 2020, 98, 225.
M. R. M. Atalla, S. Assali, A. Attiaoui, C. Lemieux-Leduc, A. Kumar, S.
Abdi, O. Moutanabbir, Adv. Funct. Mater. 2021, 31, 2006329.

J. Margetis, A. Mosleh, S. A. Ghetmiri, S. Al-Kabi, W. Dou, W. Du, N.
Bhargava, S. Q. Yu, H. Profijt, D. Kohen, R. Loo, A. Vohra, J. Tolle,
Mater. Sci. Semicond. Process. 2017, 70, 38.

O. Concepcién, N. B. Sggaard, ). H. Bae, Y. Yamamoto, A. T.
Tiedemann, Z. lkonic, G. Capellini, Q. T. Zhao, D. Griitzmacher, D.
Buca, ACS Appl. Electron. Mater. 2023, 5, 2268.

V. Loup, J. M. Hartmann, G. Rolland, P. Holliger, F. Laugier, M. N.
Séméria, J. M. Hartmann, G. Rolland, P. Holliger, F. Laugier, M. N.
Sé Mé Ria, J. Vac. Sci. Technol. B 2003, 21, 246.

S. Wirths, D. Buca, S. Mantl, Prog. Cryst. Growth Charact. Mater. 2016,
62, 1.

C. Guedj, D. Bouchier, P. Boucaud, G. Hincelin, X. Portier, A. L'Hoir,
S. Bodnar, J.-L. Regolini, Mater. Sci. Eng. B 1996, 36, 286.

G. Capellini, M. De Seta, P. Zaumseil, G. Kozlowski, T. Schroeder, J.
Appl. Phys. 2012, 111, 073518,

Z.Kong, G. Wang, R. Liang, J. Su, M. Xun, Y. Miao, S. Gu, J. Li, K. Cao,
H. Lin, B. Li, Y. Ren, J. Li, J. Xu, H. H. Radamson, Nanomater 2022,
12,981.

H. V. Stanchu, A. V. Kuchuk, Y. I. Mazur, ). Margetis, |. Tolle, S. Q. Yu,
G. ). Salamo, Appl. Phys. Lett. 2020, 116, 232101.

W. Dou, M. Benamara, A. Mosleh, |. Margetis, P. Grant, Y. Zhou, S.
Al-Kabi, W. Du, |. Tolle, B. Li, M. Mortazavi, S. Q. Yu, Sci. Rep. 2018,
8 1.

F. Rovaris, M. H. Zoellner, P. Zaumseil, A. Marzegalli, L. Di Gaspare,
M. De Seta, T. Schroeder, P. Storck, G. Schwalb, G. Capellini, F.
Montalenti, Phys. Rev. B 2019, 100, 085307.

D. Stange, S. Wirths, N. Von Den Driesch, G. Mussler, T. Stoica, Z.
Ikonic, J. M. Hartmann, S. Mantl, D. Griitzmacher, D. Buca, ACS Pho-
tonics 2015, 2, 1539.

D. Stange, S. Wirths, R. Geiger, C. Schulte-Braucks, B. Marzban, N. V.
D. Driesch, G. Mussler, T. Zabel, T. Stoica, J.-M. Hartmann, S. Mantl,
Z. Ikonic, D. Griitzmacher, H. Sigg, J. Witzens, D. Buca, ACS Photon-
ics 2016, 3, 1279.

T. Dey, A. W. Arbogast, Q. Meng, S. Reza, A. Muhowski, J. Cooper,
R. S. Goldman, T. Borrely, S. R. Bank, M. A. Wistey, 2023 IEEE Sili-
con Photonics Conference (SiPhotonics), |IEEE, Washington, DC, USA,
2023.

W. Shan, W. Walukiewicz, J. W. Ager, E. E. Haller, ). F. Geisz, D. |J.
Friedman, ). M. Olson, S. R. Kurtz, Phys. Rev. Lett. 1999, 82, 1221.
C. A. Broderick, E. P. O'Reilly, S. Schulz, J. Appl. Phys. 2024, 135,
100902.

C. A. Stephenson, W. A. O'Brien, M. W. Penninger, W. F. Schneider,
M. Gillett-Kunnath, ). Zajicek, K. M. Yu, R. Kudrawiec, R. A. Stillwell,
M. A. Wistey, J. Appl. Phys. 2016, 120, 053102.

C. A. Stephenson, W. A. O’brien, M. Qi, M. Penninger, W. F.
Schneider, M. A. Wistey, J. Electron. Mater. 2016, 45, 2121.

C. A. Broderick, M. D. Dunne, D. S. P. Tanner, E. P. O'Reilly, J. Appl.
Phys. 2019, 126, 195702.

A. C. Kirwan, S. Schulz, E. P. O'Reilly, Semicond. Sci. Technol. 2019,
34, 075007.

D. Stange, N. Von Den Driesch, T. Zabel, F. Armand-Pilon, D. Rainko,
B. Marzban, P. Zaumseil, J. M. Hartmann, Z. Ikonic, G. Capellini, S.
Mantl, H. Sigg, J. Witzens, D. Griitzmacher, D. Buca, ACS Photonics
2018, 5, 4628.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWILLIOD BAFER1D) 3|qedlidde 8Ly Aq peusenob afe sapiie VO ‘SN Jo S8|nJ 10} ArIg1T8UIIUO AB]IA UO (SUORPUOD-PUE-SWBIL0D A8 |IMARIq 1 Ul UO//SdRY) SUORIPUOD PUe SWB | 84} 885 *[5202/90/ET] U0 A%Iq1T 8ul|uO AB|IM ‘6T690S20C BLIPR/Z00T OT/I0p/L0d A8 | Im" AReiq 1 Ul |UO"PeoURADe//SaNY WO} papeo|umoq ‘0 ‘S601TZST


http://www.advancedsciencenews.com
http://www.advmat.de

