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ABSTRACT
Thermal cyclic annealing (TCA) is recognized as the key process in improving Ge film quality during epitaxial growth on Si substrates. In
Ge-on-Si systems, annealing temperatures rarely exceed 900 ○C due to the limitation of the Ge melting point (938 ○C). In this study, ultra-high
temperature TCA is performed on a series of 500 nm Ge buffer layers grown on Si (001), with the upper limit ranging from 900 to 950 ○C.
The structural properties of the Ge thin films are investigated, indicating that an optimized TCA profile occurs with the upper annealing
temperature just below the melting point of Ge. Higher annealing temperature above the melting temperature of Ge results in homogeneous
alloying of Ge and Si, induced by enhanced Si diffusion into Ge. This process produces a Ge0.75Si0.25 layer with a threading dislocation density
of 3.5 × 108 cm-2 and a surface roughness of 3 nm. These findings inspire a novel approach for creating Ge-rich GeSi layers on Si, which
potentially benefits the Ge/GeSi/Si (001) heterostructures and their applications in advanced Si-based semiconductor devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0281132

I. INTRODUCTION

The monolithic growth of Ge and GeSi thin films on Si (001)
substrates has been appealing in semiconductor research due to its
great potential in advanced Si-based electronic and optoelectronic
applications. Ge is particularly attractive for its high carrier mobility,
making it a promising material for p-channel transistors in com-
plementary metal-oxide-semiconductor (CMOS) technology.1 The
high absorption of Ge material over a wide spectral range makes
Ge an ideal candidate for realizing Si-integrated photodetectors.2–4

These demands have driven the development of complex Ge/Si

heterostructures, with monolithic Ge(Si)-on-Si systems being of par-
ticular interest for integrating photonic and electronic components
on a single Si-based chip.5–7 In addition, high-quality Ge-on-Si plat-
forms also serve as virtual substrates for the integration of III-Vs and
Si, leveraging the lattice similarity between Ge and GaAs.8

However, the heteroepitaxy growth of Ge on Si is challenged
by the 4.2% lattice mismatch, which leads to massive threading
dislocation (TD) generation. The propagation of TDs through the
epitaxial layer significantly degrades the structural and optoelec-
tronic quality of Ge films. TDs penetrating the active regions act
as non-radiative recombination centers, where electrons and holes
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recombine with short lifetimes without emitting photons, limiting
the performance of Ge-on-Si systems in device applications. Efforts
have been devoted to optimizing the growth designs and techniques
of the Ge(Si) on Si to enhance the structural quality, including two-
step growth, doping, and high-temperature (HT) annealing.9–11 In
particular, a wide range of annealing methods, such as continuous
annealing,12 thermal cyclic annealing (TCA),13,14 and rapid thermal
annealing (RTA),15 have been demonstrated to improve the Ge(Si)
film quality. Although the impact of annealing temperature on defect
reduction has been extensively studied, most research has focused
on temperatures well below the deformation point of Ge, as long-
period continuous annealing above 900 ○C might lead to structural
damage in the Ge film.16 The high and low temperature limits in
TCA are chosen arbitrarily in the existing studies, despite having a
major influence on the Si–Ge interdiffusion and TD gliding velocity.

In this study, we explore the effect of increasing the high tem-
perature limit of TCA treatment, especially on the structural and
defect behavior of Ge thin films grown on Si. Five 500-nm Ge
samples grown on Si (001) by molecular beam epitaxy (MBE) are
subjected to in situ TCA with brief high-temperature holds to pre-
vent structural damage. The high temperature limit is set to 900, 910,
920, 930, and 950 ○C, respectively, which is designed to approach
and exceed the melting point of Ge material to locate the highest
possible temperature in TCA while preserving the structural proper-
ties. The five TCA configurations were separated into two groups for
distinct research purposes. The 900–930 ○C group was designed to
examine how increments in TCA temperature affect the Ge epilayer
quality. The optimized TCA temperature is determined accordingly,
at which TDs are enabled with maximum acceleration to trigger self-
annihilation, presenting the lowest TD density (TDD). This obser-
vation confirms that an optimized TCA temperature limit exists at
∼10 ○C below the deformation point of the Ge epilayer, which needs
to be calibrated in epilayer growth design. The 950 ○C TCA con-
dition was set to assess the crystalline response of the Ge epilayer
when processed at a TCA temperature just above the melting point
of Ge (Tm ≈ 938 ○C). At an extreme annealing temperature above
the Ge melting point, the structural and compositional properties
of the Ge epilayer demonstrate significant modifications. An unex-
pected formation of a homogeneous Ge-rich GeSi alloy layer has
been observed, which provides insights into the Si diffusion behav-
ior within the Ge epilayer. This finding inspires a novel approach
for producing high-quality homogeneous Ge-rich GeSi alloy layers
on Si. This advancement holds potential for GeSi-on-Si applications,
particularly in scenarios where low-defect, high-performance GeSi
materials are essential.

II. EXPERIMENTAL
A. Material epitaxy growth

All samples were grown on 3-inch n-type Si (100) substrates
with a 4○ offcut toward ⟨110⟩ using a Veeco Gen-930 solid-source
MBE system. The samples were preliminarily prepared by applying
argon plasma for three minutes, which interacts with the oxide layer
and sputters away the oxides before loading into the MBE systems.17

The Ar plasma was generated using a Diener Plasma Asher, with a
chamber working pressure of 0.4 mbar, Ar fluxes of 30 SCCM, and
an RF power of 300 W. An in situ thermal deoxidization process was
performed at 1130 ○C for 45 min prior to the growth to completely

FIG. 1. Schematics of the Ge layer structure with various TCA temperatures.

remove the oxides on the substrates. The growth of Ge buffer lay-
ers followed the previously developed co-doping technique, starting
with the co-doping of P and Sb in the initial 50-nm Ge nucle-
ation layer (NL) at low temperatures (LT) by MBE,18 followed by a
50-nm LT dopants-capping layer. The growth rate of the LT layers
was set to 0.5 Å/s to ensure nucleation quality. Then, the growth
temperature was increased to 545 ○C for the deposition of the fol-
lowing 340 nm Ge layer at a high growth rate at 1.5 Å/s. An in situ
four-cycle TCA was carried out at different temperatures for each of
the five samples, with the high annealing temperature (Thigh) being
900, 910, 920, 930, and 950 ○C and the low (Tlow) being 600, 610, 620,
630, and 650 ○C, respectively, as illustrated in Fig. 1. The growth and
annealing temperatures were controlled by the Veeco MBE system’s
thermocouple setting and directly monitored using the thermocou-
ple readings. The temperature difference between Thigh and Tlow was
set consistently to 300 ○C for all samples. After annealing, a HT Ge
layer is grown at 620 ○C with a growth rate of 1.5 Å/s. The total
thickness of all Ge samples was 500 nm.

B. Temperature measurement and uncertainty
Temperatures reported in this study refer to the thermocouple-

based readings. Standard infrared pyrometers were not used because
Ge and Si are partially transparent at typical pyrometer wavelengths,
making direct surface temperature measurements inaccurate with-
out additional surface coatings or emissivity corrections. Given the
limitations in the precision of thermocouple-based readings, the
relative consistency of the temperature steps is maintained across
samples. Prior to the experiments, the temperature reading was
calibrated against the Ge melting point to minimize the uncertainty.

C. Characterization
The surface morphologies of the samples were revealed by

Bruker atomic force microscopy (AFM), and the estimation of
dislocation density was performed by the electron channeling con-
trast imaging (ECCI) technique in scanning electron microscopy
(SEM). The crystallography of the Ge sample was analyzed via high-
resolution x-ray diffraction (HR-XRD). The Raman spectra were
obtained using a Renishaw inVia

TM
Raman spectrometer at room

temperature with an excitation wavelength of 633 nm, allowing
access to the structural and compositional properties of the samples.
To investigate the local structure and chemistry of the Ge epilayer
grown on the 950 ○C TCA buffer, a cross-sectional transmission
electron microscopy (TEM) specimen was prepared by focused ion
beam (FIB) thinning using Thermo Fisher Helios 600i, and the
bright field imaging was carried out in a Thermo Fisher Talos F200X
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G2 scanning transmission electron microscope. The energy dis-
persive x-ray (EDX) elemental maps were recorded from Super-X
silicon drift detectors, where the energy resolution and collection
angle were 136 eV and 0.9 srad, respectively.

III. RESULTS
A. TCA temperature optimization for the Ge epilayer

The large lattice mismatch between Ge and Si creates strain in
the epitaxial layer, which is initially accommodated elastically and
accumulates as the Ge layer thickness increases. When the Ge layer
reaches a critical thickness, the strain relaxes elastically by inducing a
rough surface or plastically by generating high-density TDs.19 TCA
is a widely used technique to improve the quality of Ge epilayers
grown on Si substrates by repeatedly heating and cooling the sample
to promote strain relaxation and TD annihilation.13,14 In this study,
TCA is applied to five samples with annealing profiles shown in
Fig. 2, ranging from 600–900 to 650–950 ○C. During the temperature
increment in each annealing cycle, the gliding of TDs is thermally

FIG. 2. Annealing profile of the Ge samples, where Thigh is equal to 900, 910, 920,
930, and 950 ○C and Tlow is equal to 600, 610, 620, 630, and 650 ○C, respectively.

motivated,20,21 increasing the probability of self-annihilation and
escaping from the sample edge during the holding period at Thigh.
Inserting a cooling step between high temperature holds allows ther-
mal stress to reaccumulate due to the thermal expansion mismatch
between Ge and Si. This renewed thermal stress provides a driv-
ing force for dislocation gliding in the subsequent heating cycle
and stimulates the formation of dislocation loops, contributing to
sustained surface TD reduction.

The structural defects in 500 nm Ge layers with different
annealing temperatures are studied to address the impact of TCA on
TDD and surface quality. To determine the temperature-dependent
surface roughness and TDD, Fig. 3(a) compares the root mean
squared (RMS) values of the surface roughness and TDD of the Ge
samples annealed at various temperatures. The RMS roughness is a
statistical measure of the height variations of a surface, which can be
calculated by the given function22

Sq =

¿
ÁÁÁÁÀ

1
A

A

∬
0

Z2(x, y) dx dy, (1)

where Z(x, y) is the surface height function at coordinates (x, y),
A is the area over which the roughness is being measured, and the
integral computes the mean of the squared deviations of the surface
height over the area. The TDD is estimated by taking the pits count
in each ECCI scan over the corresponding scan area. The average
RMS roughness and TDD values are measured across multiple sur-
face areas via AFM and ECCI, with error bars calculated from stan-
dard error. The as-grown Ge layer exhibits the smoothest surface,
with an RMS roughness of about 0.53 nm, but suffers the highest
TDD (∼8 × 108 cm−2), as illustrated in Figs. 3(b) and 3(c). The strain
accumulated in the Ge epilayer due to lattice mismatch is mainly
released via plastic relaxation (i.e., TD generation) when annealing
is not performed.23 According to Fig. 3(a), a considerable reduction
in TDD occurs when TCA is employed, whereas the surface rough-
ness of these samples significantly increases. The TDD declines as
the annealing temperature increases up to 920 ○C, where the TDD
reaches a minimum. The reduction can be attributed to the increased
TD mobility at a higher temperature, promoting TD annihilations.
The gliding of TDs can be activated by thermal stress, which is

FIG. 3. (a) Upper: Threading dislocation
density and lower: surface RMS rough-
ness with respect to increasing anneal-
ing temperature, indicating the optimized
annealing window is between 620 and
920 ○C. (b) Representative 5 × 5 μm2

AFM scan and (c) 7.13 × 10.8 μm2 ECCI
scan of the Ge sample without annealing
treatment. (d) 5 × 5 μm2 AFM scan and
(e) 7.13× 10.8 μm2 ECCI scan of the Ge
sample with TCA treatment between 620
and 920 ○C.
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introduced by the coefficient of thermal expansion (CTE) mismatch
between Si and Ge during heating and cooling, with expression of
a function of Thigh and Tlow. Values of thermal strain accumulated
in the Ge layers during TCAs have been obtained by theoretical
calculations and experiments.24,25 The thermal strain accumulation
strongly depends on the temperature difference between Thigh and
Tlow. A temperature rise of 300 ○C from Tlow to Thigh is set to be
consistent in our experiment to allow comparable thermal strain (γ)
accumulation for each Ge sample. TD velocity can be described as a
function of thermal stress (τ) and annealing temperature (T),

v = v0(
τ
τ0
)

m
exp(− Q

kT
), (2)

where v0, τ0, m, and Q for Ge are 2.93 × 102 ms−1, 1 MPa, 1.7,
and 1.62 eV, respectively, with k being the Boltzmann constant.26,27

Accordingly, TDs are expected to be accelerated when the annealing
temperature increases, potentially leading to boosted TD elimina-
tions. The TDD in the sample annealed with Thigh at 920 ○C is
significantly reduced by nearly an order of magnitude to ∼6.2 (±0.6)
× 107 cm−2, as measured by ECCI in Fig. 3(e). However, further
increasing Thigh to 930 ○C does not further reduce TDD, according
to Fig. 3(a), although the TD mobility is expected to be exagger-
ated. The surface roughness of the Ge samples, on the other hand,
rises when TCA is applied. The unannealed Ge layer reveals a rather
smooth surface with an average roughness of 0.53 nm in a 5 × 5 μm2

AFM scan, as shown in Fig. 3(b). For all TCA-treated samples, the
surface is about the same roughness level, with only a slight decrease
to 0.99 (±0.1) nm at Thigh of 920 ○C, as shown in Fig. 3(d). Once
the annealing temperature (950 ○C) exceeds the melting point of Ge
(938 ○C), significant changes in surface morphology are observed.
The sample morphology investigated by AFM and ECCI scans

is given in Figs. 4(a) and 4(b), respectively, where pronounced
Ge ridges and islands are observed on the sample surface. The
island growth of the Ge layer is generally due to the strain-driven
Stranski–Krastanov (SK) growth mode, which is distinct from other
samples with layered growth mode. This observation suggests that
annealing at 950 ○C leads to a structural and compositional modifi-
cation to the Ge layer. This observation suggests that the composi-
tional modification could trigger the formation of interface strain
between the Ge buffer and the capping epilayer, resulting in the
structural distortion of the Ge cap layer. Another sample without
the HT-grown Ge cap layer is prepared to examine the effect of the
950 ○C annealing on the Ge epilayer structural properties, whose
surface morphologies are presented in Figs. 4(c) and 4(d). The AFM
scan in (c) describes a sample surface without the Ge islanding, giv-
ing an RMS surface roughness of 3.2 nm. The ECCI image in (d)
estimates the surface TDD to be 3 × 108 cm−2. A detailed structural
investigation of the Ge sample under 950 ○C annealing is necessary
and will be presented in detail in Secs. III B and III C.

B. Compositional evolution of Ge layers under HT TCA
To evaluate the strain and crystalline quality of Ge layers grown

on Si (001) upon TCA with increasing temperatures, high-resolution
x-ray diffraction (HR-XRD) analysis has been conducted on the
group of Ge samples. Figure 5 illustrates the strain evolution with
increasing annealing temperature by taking the omega-2theta scans
on the (004) plane of the Ge-on-Si samples. The inserts on the
right present the peak positions and the full width at half maximum
(FWHM) of the Ge reflections. Note that the legend labels in the
XRD plots represent the Thigh in the TCA profiles.

The symmetric Ge peak with strong intensity of the as-grown
sample suggests good crystallinity of the Ge film. This peak appears

FIG. 4. Ge sample surface with TCA
between 650 and 950 ○C. (a) Repre-
sentative 5 × 5 μm2 AFM scan, (b)
7.13 × 10.8 μm2 ECCI scan of the HT
Ge capped sample, demonstrating Ge
ridges and islands due to SK growth
mode. (c) Representative 5 × 5 μm2

AFM scan and (d) 7.13× 10.8 μm2 ECCI
scan of the uncapped sample.
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FIG. 5. HR-XRD measurements of sam-
ples without annealing and with TCA with
Thigh of 900, 910, 920, 930, and 950 ○C,
respectively. The insert illustrates the
full widths at half maximum and the
omega-2theta positions of the Ge reflec-
tions, where the values for the 950 ○C
curve are estimated from the peak fitting
indicated as the dotted lines.

at a slightly higher angle than that of bulk Ge, indicating slight ten-
sile stress remaining in the as-grown Ge layer after cooling from
HT growth due to the larger CTE of Ge compared to Si. When
the TCA is employed, the peak position shifts toward a larger
angle, suggesting that a higher tensile strain of about 0.22% is accu-
mulated during the TCA. For Thigh of 900, 910, and 920 ○C, the
Ge peak positions remain consistent, indicating comparable strain
accumulations—supporting the previous discussion on the con-
sistent strain accumulation with the same temperature difference
between Thigh and Tlow. On the other hand, the asymmetry of the
Ge peaks for the annealed samples is attributed to the strong Ge–Si
intermixing upon annealing. The Ge peaks broaden with higher
TCA temperatures, as shown in the inset FWHM plot, indicat-
ing enhanced intermixing of Ge and Si as the TCA temperature
increases. Note that the values of peak position and FWHM of the
950 ○C annealed sample are estimated from the peak fitting indicated
as the dotted lines in Fig. 5. At Thigh of 930 ○C, the peak broad-
ening and sign of splitting on the left side of the Ge peak imply
a degradation in the crystalline quality of the Ge layer. This aligns
with the previous observations of higher TDD and surface rough-
ness in the Ge layer annealed at Thigh of 930 ○C. As the annealing
temperature exceeds the melting point of Ge and initiates the Ge
melting behavior, a peak corresponding to the formation of a GeSi
layer appears between the Ge and Si peaks. A simultaneous intensity
drop and peak broadening of the Ge reflection also suggest substan-
tial changes in the structure and composition of the Ge epilayer. The
Ge content in this GeSi alloy layer can be estimated based on Bragg’s
law: λ = 2d sin θ, where λ = 1.5406 Å for Cu Kα radiation, and θ is
derived from the GeSi peak position. The calculated perpendicular
lattice constant of the GeSi layer is ∼5.60 Å, suggesting a Ge content
of roughly 75%.

Raman spectroscopy has been carried out to further investi-
gate the compositional properties of the Ge samples. An incident
wavelength of 633 nm has been used in the measurement of all
Ge samples. Figure 6(a) shows Raman spectra from 100–600 cm−1

for all samples with different TCA profiles, with the Ge–Ge optical
vibration mode highlighted in Fig. 6(b). The Ge layer annealed at
950 ○C has a main Ge peak at 300–301 cm−1 associated with a sep-
arate and less-intensive peak at a lower wavenumber, while other
samples have consistent peak positions slightly below 300 cm−1.
The relation between the peak shift and the in-plane strain has

FIG. 6. (a) Raman spectra using 633 nm excitation wavelength of the Ge layers
annealed at different temperatures. (b) Zooming in at the Ge–Ge vibration modes.
(c)–(e) Amplified peaks of the Ge–Ge, Ge–Si, and Si–Si vibration modes of the Ge
sample treated with TCA between 650 and 950 ○C, respectively. The dotted lines
are the Gaussian fittings of the peaks.

been well established by equations reported in Ref. 28. Compared
to the known position of the Ge–Ge mode for bulk Ge material
(∼301 cm−1), the Ge layers with Thigh below 930 ○C suggest slight
tensile strain in the in-plane direction.29 The residual in-plane ten-
sile strain in the Ge layer is induced by the cooling down from HT
growth under the influence of the larger CTE of Ge compared to the
Si substrate, which agrees well with the XRD results demonstrated
earlier.
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Significant changes are observed in the Raman spectra for
the sample annealed at 950 ○C, including the emergence of addi-
tional vibrational bonds and the upshifting and splitting of the
Ge–Ge mode, indicating substantial structural and compositional
modifications in the Ge layer. Figures 6(c)–6(e) magnify the addi-
tional vibrational modes and present the Gaussian fittings of Ge–Ge,
Ge–Si, and Si–Si bonds, respectively. The composition of the Ge
sample can be deduced from the peak positions of the vibration
modes. As shown in Fig. 6(d), the Ge–Si vibration mode is detected
at ∼401 cm−1, corresponding to a Ge content of 75%,30 which is in
good agreement with the XRD result. The Ge–Ge mode of the 950 ○C
annealed Ge sample shifts to a larger wavenumber, along with the
appearance of a secondary Ge–Ge mode at 290–295 cm−1, as shown
in Figs. 6(b) and 6(c). The high-frequency phonon peak at 301 cm−1

is attributed to bulk Ge, while the low-frequency mode is attributed
to the Ge content in the formed GeSi alloy. The Ge peak correspond-
ing to the Ge content in the GeSi alloy shifts ∼7 cm−1 from the bulk
Ge mode, also corresponding to a Ge content of 75%.31 The Si–Si
vibration mode at 520 cm−1 matches with unstrained Si, which cor-
responds to the detection of the Si substrate. The penetration depth
of the 633 nm laser is ∼30 nm in bulk Ge and ∼3000 nm in bulk
Si.32 Therefore, a penetration depth of over 500 nm supports the
formation of the GeSi film upon the exaggerated intermixing of Ge
and Si. Note that a Si–Si mode that should have been attributed to
the GeSi alloy has not been observed in the Raman spectrum. The
absence of the Si–Si peak has been reported for the Ge-rich thick
GeSi alloy in other studies.31 The distinct detection of Ge and GeSi
peaks in both HR-XRD and Raman measurements suggests that the
grown Ge layer may be separated into two regions of structures with
different compositional properties upon annealing at 950 ○C.

Raman spectroscopy is also carried out to evaluate the compo-
sitional property of the 950 ○C annealed sample without the HT cap
Ge, as shown in Fig. 7, where (b)–(d) are the magnified vibration
modes of Ge–Ge, Ge–Si, and Si–Si, respectively. With the absence of
the Ge cap layer, the Ge–Ge mode corresponding to the Ge layer
at ∼301 cm-1 vanishes, while the Ge–Ge mode at 290–295 cm−1

FIG. 7. (a) Raman spectra using 633 nm excitation wavelength of the Ge layers
annealed with Thigh of 950 ○C, without top Ge layer. (b)–(d) Zooming in at the (b)
Ge–Ge, (c) Ge–Si, and (d) Si–Si vibration modes of the Ge sample treated with
TCA between 650 and 950 ○C, respectively.

representing the Ge content in the Ge0.75Si0.25 becomes more pro-
nounced in comparison with the Raman spectrum demonstrated
in Fig. 6. The Ge–Si mode at ∼401 cm−1 verifies that a homoge-
neous Ge0.75Si0.25 alloy layer has been produced due to the significant
diffusion of Si into Ge. Removing the Ge cap layer enhances the
detection of the Si substrate, as indicated by the increased Si–Si peak
intensity.

C. Homogeneous GeSi alloying under TCA above Ge
melting temperature

To confirm the presence of two distinct layers during the
growth of a Ge epilayer on Si, TEM was used to examine the struc-
ture of the annealed Ge epilayer beyond the Ge melting temperature.
As shown in Fig. 8(a), the high-angle annular dark field (HAADF)
image reveals two separate structural regions: a flat layer followed
by an island formation, divided by a sharp interface. Since HAADF
contrast is proportional to the atomic number squared (Z2), the
darker region near the structural interface may indicate the pres-
ence of a lighter material (e.g., Si) rather than a thickness variation,
whereas no obvious thickness contours were observed between the
structural regions.

Elemental maps of Si and Ge in Figs. 8(b) and 8(c) indicate the
co-existence of Ge and Si in the flat layer region, resembling a possi-
ble formation of GeSi binary alloy. To confirm this, valence electron
energy loss spectroscopy (VEELS) was applied to analyze the local
chemical composition across the Ge/SiGe heterostructure, as shown
in Fig. 8(d).33 The plasmon loss spectrum from the island region
exhibits a peak at 15.61 eV, confirming the presence of pure Ge. The
VEEL spectrum in the flat layer shows a single plasmon peak, where
the peak energy (15.72 eV) was located between pure Si (16.7 eV)
and Ge (15.6 eV), suggesting the formation of a GeSi alloy.34

Si has a high diffusion coefficient in Ge as a result of the
vacancy-assisted diffusion mechanism, which allows Si to diffuse a
length of hundreds of nm in Ge.35 The diffusivity of Si upon anneal-
ing is strongly related to the annealing temperature, which can be
expressed as an Arrhenius expression

D = D0 exp(− Ea

kT
), (3)

where Ea is the activation energy, D0 is the exponential factor, T
is the annealing temperature, and k is the Boltzmann constant. An
increase in thermal budget increases Si diffusivity, extending the dif-
fusion tail and the thickness of the graded GeSi interface.36,37 While
Ge–Si interdiffusion is well-documented, our findings show that an
even GeSi alloy layer was formed with a sharp interface between the
GeSi layer and the Si substrate. This contradicts the typical graded
GeSi interface formed through typical Ge–Si interdiffusion.38,39 Our
result implies that Si concentration tends to saturate at 25% in the
alloy layer formed by Si diffusion into Ge, which may be explained
by the concentration-dependency of the Si diffusivity in Ge. The
Boltzmann–Matano method suggested that the Si diffusion coeffi-
cient in Ge can be given as a function of the Ge concentration.40

Previous studies show that the Si concentration consistently reaches
∼75% at the original hetero-interface in the Ge–Si interdiffusion pro-
files, regardless of the annealing thermal budget.41 In addition, Si
diffusivity decreases exponentially as Ge content decreases until it
reaches ∼75%, where the rate of decline slows.41,42 Therefore, the Si
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FIG. 8. (a) High angle annular dark field
(HAADF) image of the Ge epilayer with
TCA between 650 and 950 ○C, present-
ing a flat layer with a subsequent island
formation. (b) and (c) The energy disper-
sive x-ray (EDX) spectroscopy describ-
ing the elemental distribution of Ge and
Si, respectively. (d) Spectrum of plas-
mon loss in valence electron energy loss
spectroscopy (VEELS).

diffusion is likely to be retarded when the Si concentration reaches
25%. When the diffusion of Si is initiated, one can consider it dif-
fusing into pure Ge with the largest diffusion coefficient at a given
annealing thermal budget. Subsequently, the Ge content near the
Ge/Si interface starts to decrease as the Si atoms incorporate, leading
to a reduction in the diffusion coefficient of Si. Considering sup-
pressed Si diffusion at the interface and exaggerated diffusion at the
Ge-rich diffusion front, uniform alloying could be achieved by initi-
ating Si diffusion repeatedly with multiple cycles of annealing. As a
result, a compositionally uniform Ge0.75Si0.25 layer with a thickness
of over 100 nm is produced. TCA instead of continuous annealing is
selected to limit the peak-temperature exposure during the anneal-
ing treatment, which improves reproducibility and mitigates the risk
of melt-mediated structural modifications and potential chamber
contamination when operating above the melting point of Ge. While
a single 950 ○C/20 min annealing may produce similar alloying in
principle, TCA is chosen here as it permits thermal-strain reaccumu-
lation between cycles and offers a more controlled in situ annealing
above the Ge melting point.

Figure 9 gives an EDX intensity line profile across the white
arrow in Fig. 8(a), which confirms the uniformity of the GeSi alloy
layer over a thickness of ∼100 nm. HT annealing above the Ge
melting point would also cause segregation and sublimation of the
Ge atoms, evidenced by the dramatic reduction in thickness from
440 nm deposition to a produced GeSi layer of just over 100 nm. It
is also worth noticing that an accumulation of Si atoms is detected

FIG. 9. EDX measurement of the concentration profile in the Ge sample with
TCA between 650 and 950 ○C. The GexSi1−x alloy layer has a uniform Ge con-
tent, along with abrupt interfaces with the Si substrate and Ge islands. A mild
accumulation of Si atoms is observed at the interface of GeSi and Ge.

at the diffusion front of the Ge0.75Si0.25 layer, which suggests that the
diffused Si atoms would rather accumulate at the surface of the alloy
layer instead of incorporating into the alloy layer. TDs can move
in two ways—climb and glide. TD encounter and escape primar-
ily occur through gliding on {111} planes. Climbing, on the other
hand, involves point defects moving toward or away from the TD
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FIG. 10. Cross-sectional TEM image of
the Ge domes with {113} facets upon Ge
growth of 630 ○C on a Ge0.75Si0.25 layer.

core, resulting in movement of the dislocation, which is limited to
extreme conditions, such as temperatures near the melting point.19

Ultra HT annealing is therefore likely to facilitate additional TD
movement, resulting in a low TDD. As a result, applying HT cyclic
annealing slightly above the melting point of Ge has led to the pro-
duction of a thin Ge-rich homogeneous GeSi layer with TDD of
3 × 108 cm−2 and surface roughness of around 3 nm, which may
potentially benefit applications requiring Ge-rich GeSi-on-Si sys-
tems, such as strained GeSi/Ge quantum wells for transport studies
and high-mobility devices,43 and modulators and photodetectors.4

According to the structural design in Fig. 1, 60-nm HT Ge is
deposited following the TCA process, resulting in the SK growth of
Ge on the Ge0.75Si0.25 layer with a ∼1% lattice mismatch, forming the
Ge islands and ridges. The Ge ridges induced by the HT SK growth
mode exhibit a single-faceted nature highlighted by TEM images in
Fig. 10. The facets indicate an inclination of ∼25○ with respect to
the (001) substrate, corresponding to {113} facets, as described in
Fig. 10(b). The observed Ge ridges are bounded by multiple {113}
facets plus a (001) facet on top, which agrees with the trend in sur-
face energies for relaxed Ge facets, where {113} is the most and
{001} is the second most energy favorable facet.44 The TEM images
also reveal the low-defect feature of the Ge islands due to the mild
lattice mismatch with the underlying Ge-rich GeSi film. These self-
assembled {113} faceted Ge nanostructures present great potential
for the integration of III-V on Si, where adjacent facets play the
role of antiphase domain annihilation.45,46 In addition, high-quality
Ge nanocrystals can possibly be achieved by adjusting the deposi-
tion rate and thickness of the HT Ge, presenting opportunities for
Ge/GeSi on Si applications, particularly light-emitting devices such
as Ge quantum dots embedded in a (Ge)Si matrix.47

IV. CONCLUSION
The study explores the upper temperature limit of TCA for

Ge thin films grown on Si (001) substrates, aiming to maximize
annealing efficiency while preserving the structural integrity of the
Ge epilayer. By examining TCA with upper intervals between 900
and 950 ○C, an optimized TCA temperature was identified, 10–20 ○C
below the deformation point of the Ge film. In addition, the study
reveals that annealing above the Ge melting point significantly
enhances Si diffusion into the Ge epilayer, with Si concentration
saturating at 25%. Instead of a typical Si diffusion tail in the Ge
epilayer, the TCA between 650 and 950 ○C has resulted in the
formation of a homogeneous Ge0.75Si0.25 alloy layer on the Si sub-
strate. The uniformity of the alloy layer is attributed to the Ge

concentration-dependency of Si diffusion in the Ge epilayer and
the re-established diffusion process enabled by the cyclic anneal-
ing. These findings introduce a novel method for fabricating Ge-rich
GeSi layers on Si, offering potential for advancing Ge/GeSi/Si (001)
heterostructures in Si-based optoelectronic applications.
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