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GeSn quantum dots (QDs) are regarded as a promising material to improve the performance of GeSn lasers.
However, developing a complementary-metal-oxidesemiconductor (CMOS) compatible approach to prepare
GeSn QDs is the main bottleneck at present. In this work, we demonstrate a highly controllable method for the
synthesis of GeSn QDs in a CMOS compatible way. Ultra-high area density 2.1 x 10'2 cm™2, high-Sn fraction
44.2%, and narrow distributed size of the GeSn QDs is obtained. Furthermore, evident quantum confinement
effect is observed from the absorption and room-temperature photoluminescence spectra. The properties of the
GeSn QDs can well be controlled by merely adjusting the preparation temperature. Moreover, the synthesis
mechanism of the GeSn QDs is comprehensively analyzed and revealed using classical nucleation theory and
first-principles calculation. The feasible and CMOS compatible method with high controllability may provide a
promising way to obtain highly efficient Si-based light emitting materials, and may further be applied in other

group-1V alloys, such as SiSn, SiGeSn, SiPb, and GePb.

1. Introduction

Direct bandgap GeSn alloys are regarded as one of the most prom-
ising materials for the realization of complementary-metal-
oxidesemiconductor (CMOS) compatible light source, which is the
only unsolved component of silicon-based optoelectronic integration
circuits (OEICs) up to date. Especially, GeSn lasers are in a period of
rapid development as their performance was successively improved in
recent years [1-6]. Nevertheless, the low operating temperature and
high lasing threshold impede further application of the reported GeSn
lasers. The main cause of this problem is recently revealed to be resulted
from the intrinsic limitation of bulk GeSn alloys [7]. Therefore, finding a
way to breakthrough this natural constrain is vital and urgent. Down-
scaling the bulk GeSn alloys to low-dimensional structures such as,
quantum wells [8-10], quantum wires [11-14], and QDs, are supposed
to be a feasible way to effectively improve the efficiency of light emis-
sion. The improvement is ascribed to the reduction of free carrier ab-
sorption and enhanced light gain due to quantum confinement effect,
which is most pronounced in QDs among the nanostructures. Therefore,
GeSn QDs are now coming into notice. To date, several works related to
the preparation of GeSn QDs or nanocrystals are reported [15-22]. Most
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of the preparation methods are based on the colloidal by means of
chemical reduced reactions except for some CMOS compatible ways.
Note that the GeSn nanocrystals discussed here are referred to those of
individually separated nanocrystals rather than those of polycrystalline
GeSn films with nanoscale grains [23,24]. We have reported a work
related to the preparation of the GeSn QDs, which is to date the only one
CMOS compatible method that can obtain high crystallinity as well as
room-temperature photoluminescence [22]. However, the reported
experiment contains only one preparation condition, leaving the syn-
thesis mechanism and controllability of the GeSn QDs remain elusive.
In this work, the preparation of GeSn QDs with more preparation
conditions are carried out, the controllability and mechanism of the
synthesis are demonstrated and revealed. The fabricated GeSn QDs are
uniformly distributed in the amorphous GeSn (a-GeSn) film. Besides, the
narrow size distribution and the ultra-high area densities of the GeSn
QDs are presented. It is found that the Sn fraction of the GeSn QDs is
much higher than that of the surrounded a-GeSn. Owing to this spon-
taneous form of heterostructure, a type-I electronic band alignment may
be constructed. And this should be one of the key factors for the
occurrence of room-temperature photoluminescence, which presents
the high efficiency of light emission. The Sn fraction, size and area
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density of the GeSn QDs can be well controlled by merely adjusting the
preparation temperature. The synthesis mechanism of the GeSn QDs
including the nucleation, growth, and ripening stages is systematically
analyzed and revealed with evidences provided by the classical nucle-
ation theory (CNT) and first-principles calculations. It is found that the
growth of GeSn QDs is motivated by the tendency of reduction of Gibbs
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free energy, which is dominated by the surface energy during the
nucleation and growth stages. And the ripening of GeSn QOs is ascribed
to the strain induced increment of Gibbs free energy surpass the thermal
energy. The controllability of the feasible synthesis method for the
preparation of the GeSn QDs may provide a promising way for the
realization of Si-based lasers with high emission efficiency and high
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Fig. 1. (a) Schematic illustration of the preparation process of GeSn QDs. (b-d) The top-view OM images of the samples after annealing for 40 h at 275, 300, and
325 °C, respectively. (e, f) The Ge (e) and Sn (f) EDS element mappings for the sample after annealing at 275 °C for 40 h. (g) The Sn density distribution along GeSn
strip for the sample after annealing at 275 °C for 40 h. (h-j) The Raman spectra of the samples in the non-obvious-inter-diffusion regions after annealing for 40 h at

275, 300, and 325 °C, respectively.
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operation temperature. And the synthesis method may further be
applied to other alloys, for instance, SiSn, SiGeSn, SiPb or GePb.

2. Experimental

Firstly, Si substrates with 300 nm thick SiO; on the top are cleaned
by the acetone and the absolute ethyl alcohol followed with the rinse of
deionized water. Then amorphous GeSn (a-GeSn) stripes with the width
of 3.6 pm, length of 200 pm, and thickness of 50 nm are patterned and
deposited on the substrates by lithography and lift-off process and by
magnetron sputtering technique, respectively. Co-sputtering of Sn and
Ge is implemented for the deposition of GeSn stripes with the sputtering
pressure of 0.5 Pa in Ar ambient. The purities of the Sn and Ge targets are
0.9999 and 0.99999, respectively. The initial Sn content of the a-GeSn
stripes is 2% by adjusting the sputtering power ratio between the Sn and
Ge targets. Next, the Sn stripes with the width of 4.3 pm are deposited
orthogonally on the top of the a-GeSn and near one end of the a-GeSn
about 20 pm. The patterning and deposition of the Sn stripes are also
based on lithography and lift-off process and sputtering technique,
respectively. After that, a layer of 500 nm SiOs is deposited on the top by
plasma enhanced chemical vapor deposition technique. And finally, the
samples are annealed at 275, 300 and 325 °C for 40 h, respectively, with
Ny atmosphere in a tube furnace. The preparation process is schemati-
cally illustrated in Fig. 1a.

Optical microscopy (OM) is implemented to observe the top view of
the samples. Raman measurements are performed on a commercial
system Labram HR Evolution using a 532 nm laser for excitation. The
optical bandgaps of the prepared GeSn nanocrystals are characterized by
the absorbance spectroscopy and photoluminescence spectroscopy.
Photoluminescence measurements are carried out in a module
embedded in the Labram HR Evolution at room temperature with 532
nm excitation laser. Absorbance measurements are performed using a
Cary 5000 UV-vis-NIR spectrophotometer. The diffusion of Sn along the
GeSn stripes is characterized by the energy dispersive spectroscopy
(EDS) equipped in scanning electron microscopy (SEM). The crystalline
morphology is characterized by transmission electron microscopy
(TEM), high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED). Energy dispersive X-ray (EDX) spectroscopy quipped
in the TEM is applied to detect the distribution of Sn and Ge elements in
the GeSn stripes.

3. Results and discussion

Fig. 1b-d show the top-view images of the after-annealing samples by
optical microscopy (OM). The horizontal green stripes and vertical
brown stripes are GeSn and Sn stripes, respectively. The bright yellow
region of the GeSn stripes near the Sn stripes results from the drastic
inter-diffusion between the GeSn and Sn stripes. The energy dispersive
spectroscopy (EDS) elemental mapping images also illustrate the inter-
diffusion behaviour, as shown in Fig. le, f. The GeSn stripes annealed
at 275 °C is taken as an example, the EDS results of the other samples are
similar and not shown here. In order to probe the variation of Sn fraction
along the GeSn stripes, the atomic ratio of Sn along the GeSn stripes are
collected, as shown in Fig. 1g. A red curve is fitted to the collected EDS
data (green dots), and a black dash line, which denotes as the initial Sn
content in the a-GeSn stripes, is also presented as reference. The 0 pm
distance means the position is just at the edge of Sn stripe. It can be
observed that in the obvious inter-diffusion region, the Sn content
gradually decreases away from the Sn stripe. As the distance larger than
the obvious inter-diffusion length, the Sn content slightly fluctuates
around 5%, which is higher than the initial of the GeSn stripe, indicating
a homogeneous increment of Sn atoms diffused from the Sn stripe.

All the obvious inter-diffusion regions of the GeSn stripes in the
samples are revealed to be high crystalline while the remain regions in
each sample are mixture of amorphous and crystalline GeSn as revealed
by the Raman spectra. For a given sample, no significant difference is
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observed for the amorphous and crystalline peaks at different position in
the non-obvious-inter-diffusion regions. Fig. 1(h-j) show the represen-
tative Raman spectra in the non-obvious-inter-diffusion regions for
samples annealed at 275, 300, and 325 °C, respectively. The spectra are
decomposed to an amorphous peak (red) and a crystalline peak (green)
with Lorentzian shape. The crystallinities of the samples are 23.1, 32.6
and 38.3% for samples annealed at 275, 300, and 325 °C, respectively,
reflecting the mixture state of amorphous and crystalline. The crystal-
linity is defined as the integral area ratio of the crystalline peak to that of
the whole Raman spectrum. The evident red shift of the crystalline peaks
relative to bulk Ge of 300.4 cm™! proves the incorporation of Sn atoms
into Ge lattice.

Fig. 2a shows the cross-sectional TEM image of GeSn stripe after
275 °C annealing. At the low resolution, a SiO2/GeSn/SiO» sandwich
structure can be observed. The thickness of the GeSn stripe is measured
to be about 55 nm. Some darker dots are uniformly distributed in the
GeSn layer. Implementing HRTEM, the details of the crystallization
morphology is further investigated. As shown in the left of Fig. 2b, the
darker dots are revealed to be spherical nanocrystals (highlighted by
white dash circle) with complete and regular lattice pattern, manifesting
the high crystallinity of the nanocrystals. The rest regions are revealed to
be amorphous as shown in the right of Fig. 2b. Moreover, the absence of
segregation and precipitation of Sn in the nanocrystals also confirms the
excellent crystallization property. However, the rest region of the GeSn
layer, of which the color is light grey in Fig. 2a, remains amorphous.
Fig. 2c shows the SAED patterns of the GeSn layer. Due to the charac-
terization area under SAED covering a certain range, the SAED pattern
presents the information including multiple nanocrystals and amor-
phous in the area. The cooccurrence of the crystal diffraction spots and
the amorphous diffraction ring further confirms the mixture of crystal-
line and amorphous. The diffraction spots are proof to result from the
(220) plane of the GeSn nanocrystals. And the Sn fraction of the GeSn
nanocrystals evaluated to be 44.2%, which is much higher than that of
the initial Sn fraction in the as deposited GeSn. The Sn fraction calcu-
lated by the interplanar spacing from the HRTEM images consists with
that from the SAED. And there is little difference in Sn fraction among
the GeSn nanocrystals. The high Sn fraction of the GeSn nanocrystals can
result in the darker color of the GeSn nanocrystals in Fig. 2(a). Since Sn
atom is larger and heavier than Ge atom, the more electrons around the
atom increase the scattering probability of electrons ejected from the
equipment, and decrease the quantity of the transmission electron.
Moreover, the formation of crystal can also decrease the quantity of the
transmission electron due to the coherent diffraction. And the large
contrast between the amorphous and the nanocrystals indicates the
lower Sn fraction in the amorphous. Further confirmation is made by the
results from the EDX spectroscopy, as shown in Fig. 2d. On the top left of
the figure, the high angle annular dark field (HAADF) image has the
color inverse with Fig. 2a. The top right of Fig. 2d shows the super-
imposed element mapping of the Sn and the Ge. To intuitively distin-
guish the distribution of the elements, the individual mapping of the Sn
and the Ge are presented on the down left and down right of the figure,
respectively. The Ge atoms are uniformly distributed in the GeSn layer
while the Sn atoms appear to concentrate on small dot like regions,
which corresponds to the GeSn nanocrystals. In addition, the Sn atoms in
the amorphous are too little to be detected as shown in the Sn element
mapping of Fig. 2 (d). This result demonstrates that the Sn atoms in the
Sn stripe diffuse into the GeSn stripe and spontaneously gather together
at places where the GeSn nanocrystals form, because a higher Sn fraction
in the a-GeSn will induce the crystallization of the a-GeSn [25,26].
Fig. 2e shows the size of the GeSn nanocrystals distribute in a narrow
span 2.5-4.5 nm, indicating the uniformity of the GeSn nanocrystals.
The average size is evaluated to be about 3 nm, and the full width at half
maximum (FWHM) of the size distribution fitted by Gaussian curve is
2.1 nm. And the area density of the GeSn nanocrystals is evaluated to an
ultra-high level of 2.1 x 10'% cm™2,

Fig. 3a shows the cross-sectional TEM image of GeSn stripe after
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Fig. 2. (a) Cross-section TEM image of the sample after annealed at 275 °C for 40 h. (b) HRTEM image of the GeSn nanocrystals (left) and the amorphous region
(right). (c) SAED patterns of the sample after annealed at 275 °C for 40 h. (d) EDX element mappings for the sample after annealed at 275 °C for 40 h. (e) Histogram
of the fraction for nanocrystals size distribution. The FWHM of the size distribution fitted by Gaussian curve is 2.1 nm.
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Fig. 3. (a, e) Cross-section TEM images of the sample after annealed for 40 h at 300 °C (a) and 325 °C (e). (b, f) HRTEM images of the GeSn nanocrystals annealed for
40 h at 300 °C (b) and 325 °C (f). (c, g) FFT patterns taken from the nanocrystals annealed for 40 h at 300 °C (c) and 325 °C (g). (d) Histogram of the fraction for
nanocrystals size distribution of the sample after annealed for 40 h at 300 °C. The FWHM of the size distribution fitted by Gaussian curve is 1.7 nm. (h) The

nanocrystals size and the Sn fraction dependence on annealing temperature.

300 °C annealing. Some darker dots are uniformly distributed in the
GeSn layer, similar to that of the 275 °C annealing sample. The HRTEM
images in Fig. 3b clearly shows the complete and regular plane, and no
any Sn cluster is presence as well. Fast Fourier transformation (FFT) is
implemented to calculate the diffraction pattern, as shown in Fig. 3c.
The amorphous ring and crystal spots cooccur as well. The spots are
distinguished as the result of (220) plane, and the Sn fraction in the
GeSn nanocrystals is computed to be 12.9%, which is also much higher
than that of the initial Sn fraction in the as deposited GeSn but lower

than that of the 275 °C annealing sample. The statistics of the size of the
nanocrystals are plotted in Fig. 3d, the size also spans a narrow range
from 3 to 7 nm, and centralizes on 4-6 nm. The average size is about 5
nm, which is larger than that of the sample annealed at 275 °C. The
FWHM of the size distribution fitted by Gaussian curve is 1.7 nm.
Moreover, the area density of the GeSn nanocrystals is estimated to be
5.5 x 10'! cm™2, lower than that of the sample annealed at 275 °C.

As the preparation temperature lifts to 325 °C, the size of the GeSn
nanocrystals becomes bigger, resulting in the coalescence of the
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nanocrystals and forming polycrystalline. Fig. 3e shows the cross-
sectional TEM image at low-resolution. Some darker dots can be
observed as well. However, these dots have less extent of size uniformity
than that of the previous two samples and the distribution in the GeSn
layer is uneven either. Most of the crystallization parts of the GeSn layer
become polycrystalline due to the coalescence of the nanocrystals, as
shown in Fig. 3f. No any Sn clusters presence as well. The FFT pattern of
the 325 °C annealing sample consists of the amorphous diffraction ring
and (111) diffraction spots, as shown in Fig. 3g. The Sn fraction of the
crystalline GeSn is calculated to be 8.8%, still higher than that of the
initial Sn fraction in the as deposited GeSn but lower than those of 275
and 300 °C annealing samples. However, the polycrystalline nature and
inadequate Sn fraction may limit the achievement of direct bandgap and
the application of lasers [27]. Although the crystallization region is
predominated by polycrystalline, the size of the nanocrystals can be
measured between their boundaries. The average size of the GeSn
nanocrystals is computed to be about 12 nm, higher than those of the
previous two samples. The FWHM of the size distribution fitted by
Gaussian curve is 5.4 nm.

Hereto, we demonstrate a feasible method to prepare high-Sn frac-
tion GeSn nanocrystals with uniform size distribution and high area
density embedded in amorphous GeSn with low Sn fraction. One of the
key advantages of the method is that the preparation process is CMOS
compatible, which is vital for Si-based OEICs. In each of the samples
with the separated GeSn nanocrystals, the Sn fraction of the nanocrystals
is consistent. The narrow-distributed size and highly consistent Sn
fraction promise a homogeneous property of the GeSn nanocrystals.
Furthermore, the Sn fraction, size and area density of the GeSn nano-
crystals can be well controlled by merely adjusting the annealing tem-
perature. It is found that the Sn fraction of the GeSn nanocrystals
decreases with the temperature while their size increases instead, as
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shown in Fig. 3h. The facile technique proposed here provides a new
strategy for the synthesis of semiconductor alloys with high controlla-
bility in a CMOS compatible way.

The optical bandgaps of the prepared GeSn nanocrystals are char-
acterized by the absorbance spectroscopy and photoluminescence
spectroscopy. As shown in Fig. 4a, the absorption edges of 275 and
300 °C annealing samples can be well fitted by the relationship
(ahv)zu(hv—Eg), which represents direct bandgap absorption. a, #,v and
Eg are the absorption coefficient, Plank constant, angular frequency of
the photon and direct bandgap of the GeSn nanocrystals, respectively.
The extrapolated bandgaps for absorption are estimated to be 0.74 and
0.77 eV for 275 and 300 °C annealing samples, respectively. And their
absorption coefficients for photon with energy larger than the bandgaps
are more than 10° cm ™, an order of magnitude higher than that of Ge.
The evidences suggest that the prepared GeSn nanocrystals in 275 and
300 °C annealing samples are direct bandgap materials. However, for
325 °C annealing sample, the absorption spectrum decreases slowly and
there is no obvious direct absorption edge. It agrees well with the
relationship (ahv)l/ 2oc(hz/—Eg), which presents indirect bandgap ab-
sorption, as shown in Fig. 4b. Eé is the indirect bandgap and is extrap-
olated to be 0.56 eV, which consists with the calculated indirect
bandgap 0.55 eV of bulk GeSn with Sn fraction of 8.8% (Supplementary
material). However, the bandgaps of bulk GeSn with Sn fraction of 44.2
and 12.9% are estimated to be —0.213 and 0.426 eV (Supplementary
material), respectively, much lower than that of the bandgaps extrapo-
lated from the absorption data. As quantum confinement effect is taken
into account, the bandgaps of GeSn nanocrystals of 275 and 300 °C
annealing samples are evaluated to be 0.749 and 0.766 eV (Supple-
mentary material), respectively, in agreement well with the extrapo-
lated results. In other words, the prepared GeSn nanocrystals of 275 and
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Fig. 4. (a) The data fitting of absorption edge for indirect bandgap energy of the sample after annealed at 325 °C for 40 h. (b) The data fitting of absorption edge for
direct bandgap energy of the samples after annealed at 275 °C (wheat) and 300 °C (grey) for 40 h. (c) RT PL spectra of the samples after annealed at 275 °C (wheat)

and 300 °C (grey) for 40 h.
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300 °C annealing samples are GeSn QDs, since their bandgaps are
extended largely by quantum confinement effect. While that of 325 °C
annealing sample is polycrystalline with nanoscale grains.

Fig. 4c shows the room-temperature photoluminescence of the
samples annealed at 275 and 300 °C. The peak of the 275 °C annealing
sample lies at 0.787 eV and that of the 300 °C annealing sample shifts to
0.8 eV, both the peak positions are in good agreement with bandgap
values extracted from the absorption spectra and calculation. Ultra-
narrow full widths at half maximum (FWHM) of the spectra are ob-
tained, 21 and 20 meV for 275 and 300 °C annealing samples, respec-
tively, proving the high uniformity and excellent light emission rate of
the GeSn QDs. For 325 °C annealing sample, a broad wave packet with
the peak less than 0.6 eV is obtained as shown in Fig. 4d. Limited by the
detector of the equipment, lower energy of the spectrum cannot be ac-
quired. The large FWHM reflects the inhomogeneous of the crystalline
GeSn, and the estimated peak is also close to the bandgap extracted from
the absorption spectra and calculation. Except for the broad peak, the
rest of the spectrum is similar to that of the substrate. According to the
above characterizations, the properties of the samples are summarized
in Table 1.

In the view of CNT, whether a stable crystal nucleus can be formed
depends on the difference of Gibbs free energy AG between the crystal
nucleus G; and initial state Gy of the atoms that compose of the crystal
nucleus [28]. If AG < 0, a stable crystal nucleus can be formed, while if
AG > 0, the forming crystal nucleus would transiently decompose into
separated atoms as in the initial state. Take elemental semiconductor as
an example. Assuming that a crystal nucleus is composed of N atoms, the
AG can be expressed as

AG =NAp+¢ (@)

where Ayp presents the difference of chemical potential between the
atom in the crystal nucleus and the initial state, ¢ presents the surface
energy of the crystal nucleus. Apparently, Ay < 0, because a more stable
state of the atoms is in the regular lattice than in the initial state with
disorder. However, ¢ is always larger than O as the stable bonds are
broken at the surface. Owing to a high ratio of the surface area to the
volume, the AG is predominated by the ¢ in the incubation period of the
crystal nucleus [21,29-33]. That is, an energy barrier is needed to be
overcome if a stable nucleus is expected.

For GeSn alloys, it is more complicated as the ¢ would inevitably be
affected by the Sn fraction. In this regard, first-principles calculation is
adopted. The calculation tool used here is Vienna Ab initio Simulation
Package (VASP) [34-36]. Slab models are constructed to calculate o, the
@ per unit area. Two cleavage schemes are applied to build the GeSn
slabs. One leaves the Sn atoms on the surface of the slab while the other
exposes the surfaces only containing Ge atoms, as shown in Fig. 5a. The
grey and purple atoms represent the Ge and Sn atoms, respectively. The
thickness of the vacuum layer is 10 A. The ¢ with only Ge atoms is
defined as og. and that containing Sn and Ge atoms is defined as 6ge.sp-
6Ge can be easily obtained from the GeSn slab as shown on the left of
Fig. 5a, because the total surface energy of the slab is 2 times of oge.
Hence, 6ge.sn can be obtained by subtracting 6ge from the total surface
energy of the slab on the right of Fig. 5a. The Sn fraction of slabs in

Table 1
Properties of GeSn stripes annealed at 275, 300 and 325 °C, respectively.
Temperature  Crystallinity of =~ Mean Sn fraction by ~ Area PL
(O] GeSn stripe size/ TEM/ density peak
(%) FWHM Absorption (em™3?) (eV)
(nm) (%)
275 23.1 3/2.1 44.2/44.8 2.1 x 0.787
1012
300 32.6 5/1.7 13.6/12.8 5.5 x 0.800
10"
325 38.3 12/5.4 8.8/7.9 - -
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Fig. 5a is 4.16%, slabs with Sn fraction of 6.25 and 12.5% are calculated
as well (their slab models are not shown here). The complete slab models
with the calculated Sn fractions and the calculation details are described
in Supplementary material. As shown in Fig. 5b, 6. (blue solid rectangle
and blue solid line) and 6ge.sy (pink solid circle and pink solid line)
decrease with the increase of Sn fraction, indicating the incorporation of
more Sn atoms in the lattice will result in lower surface energy.
Furthermore, for a given Sn fraction, 6ge.s, is lower than 6. about 0.02
eV. Accordingly, the crystal nucleus with more Sn atoms on the surface
is energetically favorable in the incubation period, as the energy barrier
can be well reduced. For the as deposited a-GeSn, the crystallization
barrier is higher than the thermal energy supplied from the annealing
temperature in the experiments. However, as the annealing time in-
crease, Sn atoms from the Sn stripes diffused into the GeSn and gather
together, facilitating the occurrence of GeSn crystal nucleus. Fig. 5c
schematically shows the AG variation of crystal nucleus with the radius
for different Sn fraction. With more Sn fraction, the energy barrier is
lower as well as the critical radius Ryycleus i Smaller. As the size of the
crystal nucleus reach to Ryycleus, @ Stable GeSn crystal nucleus is formed.
After that, the surface of the crystal nucleus will reduce the energy
barrier of crystallization for the surrounded a-GeSn and further induce
the a-GeSn get crystalline, leading to the continuing growth of the GeSn
nanocrystal. As discussed above, more Sn atoms is favored, therefore,
the Sn fraction of the crystalline GeSn increase with the growth. The
outer region of the nanocrystal will suffer an increasing compress strain
from the inner region during the growth, as a larger lattice mismatch is
produced between the outer and the inner regions. To investigate the
influence induced by the compress strain, both the ¢ of GeSn slabs and
free energy of GeSn bulks with compress strain are calculated. Here, the
GeSn bulk denote the crystal part in the slab cell without the consider-
ation of the surfaces. A limiting case is introduced that all the lattice
parameters in the strained planes of the GeSn slabs and bulks are com-
pressed to that of relaxed Ge. The tetragonal distortion methodology is
applied to adjust the lattice parameters normal to the strained planes.
The calculation details are described in Supplementary material. As
shown in Fig. 5b, small variation is observed for 6ge and 6ge.s, between
the relaxed and strained slabs. Nonetheless, for a given Sn fraction, the
free energy of the strained GeSn bulk is higher than that of the relaxed,
as shown in Fig. 5d. With the Sn fraction increase, the increment of
energy enlarges significantly. As a result, the energy barrier for the
growth of the GeSn nanocrystal increases and will reach the thermal
energy. Once that, the GeSn nanocrystal stops growing, or in other
words, be ripe.

Fig. 5e schematically illustrate the synthesis process of the GeSn QDs.
During the annealing, Sn atoms from the Sn stripes diffuse into the GeSn
stripes and tends to assemble randomly at places uniformly distributed
in the GeSn layer, as the left of Fig. 5e shows. As the amount of Sn atoms
is adequate to reduce the energy barrier for crystallization, the GeSn
crystal nucleuses occurs. After that, the crystal nucleuses grow with
more Sn atoms incorporated, as the middle of Fig. 5e shows. As the
energy barrier heightened to reach the supplied thermal energy, the
growth stops and the GeSn QDs formed. For different annealing tem-
perature, the forming GeSn QDs are different. The decrement of energy
barrier for crystallization depends on the thermal energy supplied from
the annealing. Smaller decrement of energy barrier for crystallization is
needed for higher annealing temperature while larger decrement is
necessary for lower annealing temperature. And smaller decrement of
energy barrier indicates lower Sn concentration for the formation of
GeSn nucleus and vice versa. Higher Sn concentration increases the
occurrence probability of crystal nucleus and leads to a higher density of
the nucleus. Therefore, the area density of GeSn QDs for 275 °C
annealing sample is higher than that for the 300 °C annealing sample.
The relatively higher initial Sn fraction of the GeSn nucleus for lower
annealing temperature will result in a higher overall Sn fraction of GeSn
QDs than that for higher annealing temperature. Nonetheless, higher Sn
fraction implying more compress strain, GeSn QDs for lower annealing



L. Zhang et al.

T OGefaan)

Oe-snistrain)

Sn fraction (%)

GeSn nucleus

(e)
000’
).
Sn diffusion "?@,
%
. ()
% o0
0. .00 ——
(&)
o 2%
°

b

a-GeSn matrix

Applied Surface Science 579 (2022) 152249

—~
g
-~

(d )'1 0 Tk

-10.6 | —o— strain-bulk
-10.8
-11.04
-11.2
-11.4

Less Sn

Energy (eV)

AG (Counts)
S

NN
IR
Mo »®»o

124] ¢
4 6 8 10 12
Sn fraction (%)

Radius (Counts)

4

GeSn QD
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unit area. (c) The change in Gibbs free energy AG, versus nucleation radius R for different Sn fraction. (d) The energy of GeSn Super-cell dependence on Sn fraction.

(e) Schematic illustration of the GeSn nanocrystals formation.

temperature stop growing at a smaller radius than that for higher
annealing temperature. As a consequence, the average size of the GeSn
QDs for 275 °C annealing sample is smaller than that for 300 °C
annealing sample. As the annealing temperature increases to 325 °C, less
Sn concentration is demanded and larger size of the GeSn nanocrystals is
obtained, forming the local polycrystalline morphology. It should be
note that a higher temperature would inevitably cause a faster diffusion
then a faster formation of GeSn nanocrystals. Thus, a shorter annealing
time may be adequate for the sample annealed at 325 °C.

4. Conclusion

A highly controllable method to prepare GeSn QDs in a CMOS
compatible way is demonstrated in this work. The prepared GeSn QDs
have ultra-high area density, narrow size distribution, and high Sn
fraction, and are free of Sn segregation or precipitation. Room-
temperature photoluminescence is detected for the GeSn QDs,
revealing the highly efficient of light emission as well as low light loss
and low non-radiative recombination rate. The area density, size, Sn
fraction, and the light emission peak of the GeSn QDs can well be
controlled by merely adjusting the preparation temperature. The syn-
thesis mechanism of the GeSn QDs is comprehensively revealed with
evidences provided by CNT and first-principles results. The properties of
the GeSn QDs prepared in this method may be improved by optimizing
several parameters such as the initial Sn content and thickness of the a-
GeSn stripes, and the covering layer on the GeSn stripes. Their opto-
electrical properties may also be enhanced by tuning the oxidative states
with doping [37]. The feasible and CMOS compatible method to syn-
thesis GeSn QDs with distinguished property and high controllability
may provide a promising way to obtain highly efficient Si-based light
emitting materials, and may further be applied in other group-IV alloys,
such as SiSn, SiGeSn, SiPb, and GePb.
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