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Germanium Sub-Microspheres 
Synthesized by Picosecond Pulsed 
Laser Melting in Liquids: Educt Size 
Effects
Dongshi Zhang, Marcus Lau, Suwei Lu, Stephan Barcikowski & Bilal Gökce

Pulsed laser melting in liquid (PLML) has emerged as a facile approach to synthesize submicron spheres 
(SMSs) for various applications. Typically lasers with long pulse durations in the nanosecond regime 
are used. However, recent findings show that during melting the energy absorbed by the particle will 
be dissipated promptly after laser-matter interaction following the temperature decrease within tens 
of nanoseconds and hence limiting the efficiency of longer pulse widths. Here, the feasibility to utilize 
a picosecond laser to synthesize Ge SMSs (200~1000 nm in diameter) is demonstrated by irradiating 
polydisperse Ge powders in water and isopropanol. Through analyzing the educt size dependent SMSs 
formation mechanism, we find that Ge powders (200~1000 nm) are directly transformed into SMSs 
during PLML via reshaping, while comparatively larger powders (1000~2000 nm) are split into daughter 
SMSs via liquid droplet bisection. Furthermore, the contribution of powders larger than 2000 nm and 
smaller than 200 nm to form SMSs is discussed. This work shows that compared to nanosecond lasers, 
picosecond lasers are also suitable to produce SMSs if the pulse duration is longer than the material 
electron-phonon coupling period to allow thermal relaxation.

Since the pioneering reports of Fojtik et al.1 and Neddersen et al.2 and significant contributions of Mafuné et al.3,4  
on laser ablation in liquid (LAL), LAL has been demonstrated to be a scalable5,6 method for microparticle and 
nanoparticle synthesis that allows precise size control of the synthesized colloidal nanoparticles over a wide 
range from several micrometers7 to ~1 nanometer8. Due to applicability to most elements of the periodic table9, 
LAL is suited to produce a large variety of nanomaterials, including elemental particles10, oxides11, carbides12 
as well as nanoalloy particles13–15, nanoparticle-polymer composites16–18, doped and undoped phosphor NPs19 
and magnetic-chains20,21. More recently, the LAL-derivative techniques of laser fragmentation in liquid (LFL) 
and laser melting in liquid (LML) were developed. LFL was pioneered by Kamat22 and significantly advanced by 
the groups of Hashimoto23–25 and Meunier26 while LML was developed by Koshizaki and coworkers27–29. These 
advances in laser synthesis and processing of colloids have led to nanoparticles for multiple applications, such as 
catalysis30, solar cell31, photoelectronics27, cell imaging32 and theranostics33.

Recent advance in LML has shown its strength in the synthesis of a large variety of SMSs such as Si34, Au35–37,  
B4C38, Fe29, Cu29, Ag39, CuO40, ZnO28,41. Employment of superfluid helium which offers unique extreme con-
ditions, including low temperatures, ultralow viscosity, high thermal conductivity, and good transparency in 
the visible region, can even allow the formation of CeO2 SMSs from anisotropic materials42. Some of these 
LML-generated SMSs have been used for various applications according to their intrinsic features. For exam-
ple, Wang et al. synthesized TiO2 hollow SMSs via LML and applied them as scattering layer in quantum 
dot-sensitized solar cells and successfully promoted 10% current of solar-to-electric conversion efficiency43. The 
same group also generated ZnO SMSs and assembled them into a highly sensitive UV photodetector, showing 
that the ligand-free “clean” surface together with the single crystalline feature of the SMSs were helpful to enhance 
electronic carrier mobility27. Despite the success in producing a large variety of SMSs via nanosecond (ns) LML 
where laser heating dominates the whole process due to the efficient electron-phonon coupling44, the feasibility 
to achieve SMSs is still challenging for ultrafast lasers (e.g. femtosecond (fs) or picosecond (ps)) due to their  
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“cold ablation” characteristic. Recently, Koshizaki et al. reported that during LML the energy absorbed by the 
particle will be dissipated rapidly after the laser matter interaction following the temperature decrease which 
takes place within several tens of nanoseconds45. By increasing the pulse duration lower temperatures and higher 
thresholds for spherical particle formation are obtained.

Herein, Ge SMSs with diameter of 200~1000 nm are synthesized by LML of Ge micropowders in water and 
organic liquid using picosecond laser pulses. A liquid jet setup is utilized to produce Ge SMSs (as shown in 
Fig. 1d). After different liquid jet passages upon laser irradiation, absorption spectra as well as the size and mor-
phology evolution of the Ge particles are characterized by UV-Vis extinction spectroscopy, analytical disc centrif-
ugation (ADC), SEM and TEM. From these results, a size dependent mechanism of Ge SMSs is proposed to give 
new insight on how powders with sizes ranging from nanoscale to microscale respond to ps laser irradiation. In 
addition, the melting behavior of Ge particles under our experimental conditions is verified theoretically by com-
paring the energy input for each particle with those required for melting and evaporation. Both the experimental 
finding and theoretical calculation support the conclusion that ps lasers are able to produce SMSs when the pulse 
duration is longer than the electron-phonon coupling period of the materials.

Results
Milled Ge educt powders (Fig. 1a–c) naturally cover a large size range from 30 nm to 20 μ m. In the following, the 
size classes of < 200 nm (fine fraction), 100–1000 nm (hydrodynamic fraction), and 1–20 μ m (microfraction) are 
discussed separately. Figure 1f,g show the TEM images of the LML-synthesized Ge SMSs prepared in water 
(Fig. 1f) and isopropanol (Fig. 1g) after 100 liquid jet passages using the experimental setup shown in Fig. 1d 
which was developed by Lau et al.46 and is based on the idea of Wagener et al.47 who utilized a free liquid jet for 
laser irradiation of particles. XRD analysis (Fig. 1e) shows that the Ge SMSs have a crystalline structure with five 
peaks located at 27.23°, 45.31°, 53.65°, 65.97° and 72.77° corresponding to the (111), (220), (311), (400) and (331) 
of the Fd-3mS (227) structure of Ge (ICSD-43422), respectively. The calculated crystal domain diameter sizes for 
the educt Ge powder, the Ge SMSs obtained in water, and the Ge SMSs synthesized in isopropanol are 25.4 nm, 
32.3 nm and 36.0 nm, respectively. The smaller crystalline sizes calculated from XRD compared to SMSs’ size 
might be caused by polycrystallinity of the Ge SMSs. There is a peak shoulder at an angle of 27° (Fig. 1e), which is 
also corresponds to the peak of GeO2 (ICSD-43422). Because these two peaks, to some extent, overlap with each 
other, we cannot exclude the existence of GeO2. But from the dissolution test shown in Fig. 2, the presence of a 
GeO2 shell which encapsulates the Ge core is corroborated. Similarly, oxidative reactions have been observed 
during LML for TiN, leading to the formation of TiN, TiO2, and TiOxNy48. It is well known that Ge and GeO2 
have different solubility in water. GeO2 is easy to be dissolved in water following the reaction of 

+ =OGeO 2H Ge(OH)2 2 4
49, whereas Ge is insoluble in water50. To test whether the Ge SMSs are partially oxi-

dized, some Ge SMSs synthesized by LML in water were preserved in water and taken out for SEM measurement 
after one week immersion time. As shown in Fig. 2, the Ge SMSs become porous, indicating the existence of GeO2 

Figure 1. (a,b) SEM images of the educt Ge powders obtained by milling of Ge wafers (c) Primary particle 
size distribution of educt powders extracted from SEM images. (d) Experimental setup of LML using a liquid 
jet passage reactor. (e) XRD patterns of products obtained from laser irradiation of Ge powders in water and 
isopropanol as well as the XRD pattern of the educt powder. (f,g) TEM images of synthesized Ge SMSs after 100 
liquid jet passages in water and isopropanol, respectively.
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on the surface of the Ge SMSs. Therefore, GeO2 and Ge apparently coexist in the SMSs at least after storage in 
water.

Figure 3a and b show the UV-vis extinction spectra of the Ge colloids after 0, 10, 50 and 100 passages in water 
and isopropanol, respectively. As presented in our previous works46,51, a primary particle index (PPI) deduced 
from the UV–vis spectra is a good indication of whether the particle size is reduced or enlarged. It is a value 
obtained by dividing the relative extinction maximum to the extinction value at 600 nm. To make the PPI result 
more obvious for Ge SMSs, all spectra are normalized at 600 nm. The PPI values calculated for passages from 0 
to 100 in 10 passages increments for both liquids are shown as insets in Fig. 3a,b. It is evident that the maximal 
absorption peak intensity increases and scattering decreases with increasing liquid jet passage number, indicating 
a reduction of scattering objects to form SMSs. Compared with the trend in water (Fig. 3a), the change of the 
maximal absorption peak intensity is much clearer in isopropanol (Fig. 3b). This can also be deduced from the 
higher mPPI value46 of 0.21 in isopropanol than that of 0.03 in water.

To confirm the size increase behavior of Ge particles deduced from the red-shift of UV-vis spectra in Fig. 3b, 
the particles’ size distribution on the nanoscale is characterized by ADC for colloids obtained after 10, 50 and 
100 passages (Fig. 3c,d). Both ADC and SEM data demonstrate that the majority of the educt is in the range of 
0–400 nm. But there is a great disparity between the size measurements of SEM and ADC for educts ≤ 200 nm. We 
attribute this to our observation that small educts (≤ 200 nm) are much easier attaching to the microscale educt in 
consequence of forces acting between these particles. This will make an ADC detection difficult. As clearly seen, 
the average size (mass-weighted hydrodynamic diameter) of the Ge educts is ~400 nm and it gradually increases 
as the LML proceeds. Compared with the Ge SMSs synthesized in water (Fig. 3c) that reach sizes of ~500 nm after 
100 passages (and the size fraction below 200 nm increases), the Ge SMSs synthesized in isopropanol (Fig. 3d) 
after 100 passages are a slightly bigger, about 600 nm in diameter (and size fraction below 200 nm decreases). This 
is in agreement with the size distribution calculated from SEM images (Fig. 1e,f). The size disparity of Ge SMSs 
in water and isopropanol is attributed to the higher specific energy input for the educts in isopropanol compared 
to water (as the higher viscous isopropanol flows slower through the passage reactor). This is in accordance with 
trend that higher laser fluences produce larger SMSs29 and that the smaller educt fraction (< 100 nm) is consumed 
by LML-induced aggregation reshaping. Therefore, from both UV-Vis and ADC results, it can be concluded that 
a simultaneous bi-directional (melting and fragmentation) particle transformation occurs during ps laser irradia-
tion of Ge particles in water, which is different from previous findings where either ps laser fragmentation or laser 

Figure 2. GeO2 dissolution in water over time. SEM morphologies of Ge SMS freshly synthesized by LML in 
water (a) and porous SMS formed after storage in water for 1 week due to GeO2 dissolution. (c) and (d) depict 
sketches of (a) and (b).
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melting happens46 at defined laser fluence. In isopropanol, the average hydrodynamic diameter is increased, and 
fraction of particles < 200 nm is decreased. The reason for this interesting phenomenon will be discussed later.

Due to the longer electron-phonon coupling period of the excited material compared to the pulse duration, fs 
laser ablation is generally considered as a “cold” ablation process where Coulomb explosion dominates the frag-
mentation process of nanoparticle educts52. Ns lasers, in turn, are extensively adopted for the LML-synthesis of 
SMSs27,28,44 since within nanoseconds the energy-transfer from electron to lattice can take place to allow both elec-
tron and lattice to be in thermal equilibrium52. Considering, that the transition between cold and hot ablation is in 
the picosecond regime, there should be a possibility to melt materials using ps lasers if the pulse duration is longer 
than the electron-lattice coupling period of the irradiated material. Roskos et al. reported that hot electrons in Ge 
cool down within 5 ps53. This suggests that ps lasers with pulse duration longer than 5 ps are able to melt Ge particles, 
which has been proven by Siegel et al. who showed the melting behavior of a germanium film using a 30 ps laser54. 
Therefore, the 10 ps laser utilized in our experiments should also be appropriate to melt Ge powders and trans-
form them into SMSs. An interest in ps-LML might be related to the capability to finely tune the melting process.  

Figure 3. (a,b) UV-vis extinction spectra and (c,d) size distribution of the irradiated Ge colloid after increasing 
number of jet passages in water (a,c) and isopropanol (b,d), respectively. Black-0 passage; Red-10 passages; 
Green-50 passages; Blue-100 passages. PPI values as a function of specific energy from 0 to 100 in 10 passages 
increments for both liquids are shown as the inset figures in Fig. 2(a,b). One passage equals 0.42 J/g and 0.86 J/g 
laser energy input of water and isopropanol, respectively. (e,f) Histograms showing Feret diameter of particles 
before and after laser melting. The relationship between relative mass frequency and hydrodynamic particle 
diameter as shown in Fig. 3c,d was extracted from analytical disc centrifuge measurements.
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Ps-pulses typically have low pulse energies for the irradiation of large volumes. Since the pulse duration is in 
between cold (fs) ablation and hot (ns) ablation, it is possible to gradually melt the particles by adjusting the 
energy dose. A further benefit might be related to upscaling. At the same laser power, conventional ps laser sys-
tems usually have higher repetition rates than ns lasers due to technical reasons related to the higher peak power 
of pulses with shorter pulse durations. Higher repetition rates, in turn, increase the amount of pulses interacting 
with a single particle in the liquid jet and lead to a faster processing. Similar to incubation effects observed during 
LAL with MHz lasers5,6, high-repetition rate LML might also benefit from incubation.

To further analyze the melting behavior of the Ge powders under our experimental conditions, the fluence 
thresholds for melting and vaporization of the particles in dependence of their size were calculated using the 
model developed by Pyatenko et al.30. The results are shown in Fig. 4. Note that we neglect the heat loss, as we 
use ps pulses and assume spherical particles. The dotted line indicates the applied laser fluence during parti-
cle irradiation for each passage. Figure 4 shows that the laser fluence used for particle irradiation theoretically 
addresses particle melting for particles smaller than ~540 nm, while the particles larger ~50 nm and smaller 
~140 nm should be vaporized. However, we experimentally obtained SMSs larger than 540 nm and observed a 
gradual size increase for 50~140 nm educt (Fig. 3c,d), indicating that further factors should be taken into account 
during SMS formation besides thermal equilibrium melting process of spherical structures. To understand how 
the educt particles evolve into SMSs, four size-dependent particle formation mechanisms will be discussed in the 
following part. Overall, due to the potential heat coupling within a few ps in Ge particles we believe that 10 ps 
pulses are appropriate to initialize Ge powder/particle melting and the determination of these thresholds strongly 
supports this conclusion. Hence, the feasibility to use a ps laser to produce SMSs via pulsed LML is demonstrated 
experimentally and theoretically using a picosecond laser with pulse duration allowing electron-phonon coupling 
of Ge upon laser irradiation.

Discussion
A scenario for SMSs formation during ns LML have been proposed by Koshizaki and co-workers55,56. To arti-
ficially decrease the NPs’ distance and to increase the chance for adjacent particles to interact and merge into 
SMSs upon laser irradiation, NPs agglomeration or aggregation is considered to be a prerequisite step for SMSs 
formation from nanoparticle educts. In general, NP aggregation is mostly realized by salts (e.g., NaCl) during 
sample preparation or by adding stabilizing reagent (e.g., citrate) during the LML process36. Despite successful 
synthesis of a series of SMSs, the embedment or integration of additives inside the SMSs may increase the risk of 
contamination and compromise the function performance for desirable applications, such as catalysis, solar cell, 
etc. Therefore, a cleaner LML synthesis process is much desirable. To this end, the experiments presented here 
took use of well-dispersed powder educts without any additives (e.g. ions, ligands, surfactants, etc.). This aroused 
the interest of isochorically reshaping powders into SMSs without the need of aggregation57. Since the Ge educts 
are obtained from milling of the Ge wafers, the mechanical crack of the Ge wafers gives rise to raw powders char-
acterized by sharp edges (Fig. 5a). In the following section, we discuss four size dependent possible mechanisms 
for educts to transform into SMSs.

Insights regarding the formation mechanism can be gained from few liquid passages since limited SMSs quan-
tity is beneficial to reconstruct the initial melting behavior of the educts. As reported previously, a liquid jet 
reactor avoids any back-mixing so that intermediates of LML process are captured after a defined number of 
passages46,58. After 10 passages, ~70% of small educts with sizes from 200~1000 nm are transformed into SMSs as 
depicted in Fig. 5b,c. This is different from the theoretical prediction in Fig. 4 which shows that only educts with 
sizes less than 540 nm but larger than 140 nm could be melted. A first possible particle formation mechanism for 
the direct educt transformation into SMSs is isochoric laser reshaping below the material melting temperature. 
This phenomenon has been experimentally observed and confirmed by many authors. For example, Inasawa et al.  

Figure 4. Calculated fluence thresholds (Fth) showing the different particle states solid (s), liquid (l) and 
vaporized (v) in dependence of their size according to the model developed by Pyatenko et al.44 (neglecting 
the heat loss). The dotted line marks the laser fluence that the particles are irradiated with during each passage. 
Inset shows a magnification of the diameter range 10–500 nm.
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reported that gold nanorods could be reshaped into nanospheres when the temperature is 120 K lower than 
the melting point (1337 K)59. Petrova showed that a temperature of 523 K could also trigger the transformation 
of gold nanorods to nanospheres60 and that the temperature threshold for Au nanorods’ reshaping is as low as 
373 K60. These works indicate that LML-induced material reshaping does not require the materials to reach the 
bulk material melting point, such as the melting point (1210 K) of Ge. As a result, educts with sizes in the range 
of 200~1000 nm can be directly reshaped into SMSs, similar to the previously reported LML-induced shape con-
version57. The driving force of shape conversion from irregular powders to spherical particles is due to its smallest 
surface area among all surfaces at a given volume, that is, smallest surface energy for spherical particles61. Please 
note the limitation of the model used to create Fig. 4; reports such as ref. 37 have shown that the real fluence 
threshold is typically lower than the calculated threshold due to following two reasons. When a Gaussian energy 
profile is used for irradiation, the peak fluence of the beam is higher than the values obtained by integrating the 
intensity profile. Also, the assumption of spherical educt particles is not applicable to our educt particles as can 
be clearly seen in Fig. 5a.

The second possible SMS formation mechanism we observe is the bisection of instable (oscillating) droplets62 
into smaller SMSs due to the reshaping of larger particles with a dimensions of 1000–2000 nm (Fig. 6e–h). Similar 
to direct reshaping of the educts with sizes of 200~1000 nm, the educts first evolve into anisotropic structures 
during the LML. Such anisotropic particles with aspect ratios of 2–4 and the size of the narrow middle parts 
being 200~300 nm appear after 5, 10, 20 and 40 passages (Fig. 6a–d). Upon subsequent laser irradiation, these 
anisotropic structures are carved and split into separate SMSs, following the bisection mechanism proposed by 
Kuzmin et al.62,63. This reshaping-carving-split bisection process is assumed to start at the beginning of LML since 
the anisotropic structures are found already after 5 passages. This process will continue as LML proceeds; that is 
why we can still find these anisotropic structures after 100 passages.

Figure 5. (a) SEM images of the Ge educt powder. (b) SEM image showing the particles after 10 passages of ps-
laser irradiation in water. Educt particles, as well as intermediates and SMS products are apparent. (c) Diagram 
showing the fraction between educt & intermediate and SMS product after 10 passages of ps-laser irradiation in 
water.

Figure 6. (a–d) SEM images of the Ge particles and structures after 5, 10, 20, 40 passages of laser irradiation in 
water, respectively, showing the gradual increase of number of SMS with increasing passage number (e–h) SEM 
images of anisotropic structures obtained after 5, 10, 20, 40 passages of laser irradiation in water, respectively, 
showing that these anisotropic structures can be found after each passage, indicating the bisection mechanism.
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The third SMSs formation mechanism is assumed to originate from the educt fraction with sizes larger than 
2000 nm. Possibly, a melting-detachment mixed mechanism leads to the formation of SMSs from these relatively 
large particles. This assumption is derived from experimental observations between the educts (see Fig. 1a,b) and 
the products (Fig. 7). As shown in Fig. 7, the surfaces of educts with sizes larger than 2000 nm were melted by 40 
passages of ps laser irradiation. Interestingly, these molten structures are featured by spherical tips which seem to 
split out of the molten surface structures, similar to the case of bisection mechanism shown in Fig. 6. The split of 
smaller pieces (spherical tips) can be caused by laser-induced shock waves. These detached fragments are good 
candidates to be further reshaped into spheres by subsequent passages. The time of detachment of these small 
pieces from the melted structures and the amount of detachment will be studied in a further study and are not in 
the scope of this paper. Complete melting of large educt with sizes larger than 2000 nm may be possible but will 
require a huge amount of passages’ irradiation or higher laser pulse energy. This problem has been reported by 
the Koshizaki group34 who found that LML efficiency for large Si powders (several micrometers) without milling 
was far lower compared with LML of small educt powders obtained after milling (30 mins’ irradiation with laser 
fluence of 460 mJ/cm2).

The fourth SMSs formation mechanism is related to the educts smaller than 200 nm because of their gradual 
size increase as indicated in Fig. 3c,d. For their growth into bigger SMSs, the well-known agglomeration-induced 
LML36,37 is the preferable route. This finding is in accordance with the reports by Serkov et al. who achieved nan-
oparticles agglomeration by ps laser irradiation of disperse Ag and Au colloidal mixtures64 and Mafuné et al. who 
obtained “nanoweb” consisting of many nanoparticles after laser irradiation of a mixture of disperse Au and Pt 
NPs65. The formation of agglomerates could be further stimulated by nanobubble collapse and its induced shock 
waves. The smaller particle fraction of the educt may encounter each other and then be melted into SMSs by the 
ps laser irradiation. The enlargement of LAL-synthesized particle into SMSs shown here seems to contradict 
with Fig. 4 which shows that particles with sizes in the range of 50~140 nm should undergo evaporation upon 
laser irradiation. However, as noted before we assume that the real fluence required to induce PLML is lower as 
predicted by the model used in Fig. 4.

In order to corroborate our hypothesis that small educts could evolve into bigger SMSs during laser irradiation, 
we first synthesized Ge particles by LAL in water (10–100 nm, peak at 80 nm). Just after the nanoparticles synthe-
sis, they were directly transferred to the LML setup for ps laser irradiation so that the aging-induced agglomer-
ation of the synthesized particles is minimized. The morphologies and sizes of both of the LAL-synthesized Ge 
nanoparticles and nanoproducts of their post-irradiation by LML are compared, as shown in Fig. 8. As clearly 
shown, small Ge NPs (~80 nm in diameter) synthesized by laser ablation (Fig. 8a,b) were transformed into signif-
icantly bigger Ge SMSs (~230 nm in diameter) after 50 passages (Fig. 8c,d), hence demonstrating the feasibility 
of small Ge particles to become larger SMSs by ps LML, which also agrees well with the gradual size increase of 
small Ge particles towards larger SMSs shown in Fig. 2c,d.

Overall, four size-dependent mechanism contribute to the Ge SMS formation, as schematically depicted in 
Fig. 9. When the educt is less than 200 nm, they will aggregate by laser heating or laser-induced shockwaves and 
then melted into SMSs (Fig. 9a). Educts with sizes in the range of 200~1000 nm are directly reshaped into SMSs 
(Fig. 9b). Larger educts (> 1000 nm) tend to be reshaped and split by ps laser irradiation (Fig. 9d). Educts with 
sizes between 1000 and 2000 nm undergo melting, bisection and reshaping processes to evolve into SMSs, while 
some fragments that are split from educts larger than 2000 nm act as precursors for the SMSs (Fig. 9c).

Conclusions
In conclusion, we have demonstrated the feasibility to obtain Ge SMSs using ps laser irradiation of germanium 
powders containing both small (nanoscale) and large (microscale) particles. From the analysis of UV-Vis spectra, 
ADC data and SEM images showing the particles’ evolution after different passages upon laser irradiation, four 
SMSs formation mechanisms for different scale educts are proposed. Direct melting-reshaping is the favored 
route for the educts (powders) with diameters in the range of 200~1000 nm to be transformed isochorically into 
SMSs, while the transformation of relative bigger powders (1000~2000 nm) into SMSs follows the procedures of 
melting, splitting (bisectioning) and spherization. As for educts larger than 2000 nm, cavitation bubble-collapse 
induced shock waves may contribute to the melting of educt’s surface into molten structures with many tips 
whose separation from the structures are good candidates for SMS formation upon further laser irradiation, 
while with regard to small educts less than 200 nm in size, the particles are aggregated and molten into SMSs. We 
assume that the counterintuitive melting process by picosecond laser irradiation takes place when the laser pulse 

Figure 7. (a) Overview SEM image of the LML-produced microstructures after 40 passages. (b–d) Magnified 
SEM images of three microstructures characterized with many spherical tips (as marked by white circles) and 
molten traces. Separation of these spherical tips from microstructures leads to the formation of SMSs.
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Figure 8. (a,b) SEM morphologies and size distribution of Ge nanoparticles obtained by laser ablation in 
water. (c,d) SEM morphologies and size distribution of Ge SMSs synthesized by post laser irradiation (with 50 
passages) of the LAL-synthesized particles.

Figure 9. The four educt size dependent SMS formation mechanism in the range of (a) < 200 nm (aggregation-
melting), (b) 200~1000 nm (reshaping), (c) 1000~2000 nm (bisectioning) and (d) > 2000 nm (surface melting, 
detachment).
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duration (10 ps) is longer than the electron-phonon coupling period of the irradiated material (5 ps for Ge). Given 
that this constant is in the ps regime for many materials (e.g., Au: 3–4 ps66; Cu: 1–4 ps67; Si: 0.4 ps68; ZnO: 0.5 ps69), 
it is anticipated that ps LML-induced SMSs transformation is also applicable to further metals and metal oxides.

Methods
The experimental setup for ps laser fragmention in confined liquid flow has been described previously46,47,58. A 
liquid passage reactor connected with a reservoir with diameter of 1.3 mm is used for our experiments. The gen-
erated suspension filament, namely liquid jet, is irradiated by a laser beam with defined laser fluences. 50 ml col-
loidal solutions with Ge powder mass concentration of 1 g/L in water and isopropanol are used, respectively. Ge 
powders are milled from Ge wafers with a thickness of 150 μ m and consisting of 94.38wt.% of germanium, 1wt.% 
of oxygen, 4.33wt.% of carbon, 0.29wt.% of aluminum. The Ge powders are pre-treated in an ultra-sonication 
bath prior to laser irradiation as proposed by Blandin et al.70. This pre-treatment is crucial since it is difficult 
to induce an effect by laser irradiation on very large raw particles, as pointed out in the Li X. et al.34. A ps laser 
(Ekspla, atlantic series) is employed with pulse duration of 10 ps, pulse energy of 75 μ J at 532 nm and a repetition 
rate of 100 kHz. The distance between the center of the liquid filament and the lens (100 mm focal length) is set 
to be 88 mm resulting in laser fluence of 0.06 J/cm2 at the filament’s surface for LML of Ge powders. Due to the 
difference of liquid viscosity (water-0.89mPa·s; isopropanol-2.1 mPa·s), one passage period for colloids in water 
and isopropanol is 26 s and 36 s, respectively. As for laser ablation, a germanium wafer is immersed inside a glass 
chamber with 30 ml water and liquid thickness of 3 mm above the target. Afterwards, the target is ablated for 
ten minutes by a ps laser with a pulse energy of 80 μ J, a wavelength of 1064 nm, a pulse duration of 10 ps, a pulse 
energy of 75 μ J and a repetition rate of 10 kHz. The colloidal solution is then transferred to the LML setup and 
irradiated using the same parameters as LML of Ge powders for 50 passages. In a final step, the Ge NPs obtained 
from both laser ablation and post-irradiation are centrifuged at 4000 rounds/min for half an hour and character-
ized by scanning electron microscopy (SEM) operated at 15 kV and equipped with an EDS. Size distribution of 
the microspheres at different laser fluences is analyzed with the ImageJ software. Time-resolved transmission elec-
tron microscopy (TEM, Phillips, CM12) and X-ray diffraction (X-Pert PRO) with Ni-filtered Cu Kα  (0.154 nm) 
radiation detected by an X-Celerator detector are used to characterize the Ge SMSs morphology and crystal 
structure, respectively.
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