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Abstract Recrystallization of amorphous materials is a very interesting phenomenon, but still unknown in 

some transformation details. Here, we report on the formation of ZnO quantum dots (QDs) under electron 

beam irradiation and a series of in-situ consecutive observations on the formation processes. When suffering 

from the irradiation inside a transmission electron microscope (TEM), the amorphous hollow nanoparticles, 

fabricated through treating the Zn/ZnO core-shell samples synthesized by laser ablation in liquid with 

tartaric acid, were found to gradually collapse, and the crystallization occurred at the same time. These two 

isochronous processes collectively induced the formation of the QDs. Interestingly, the size of QDs can be 

controlled by the applied precursor particles and beam energy. The numerical simulations demonstrated that 

the thermal shear stresses greatly stimulate the deformation process, resulting in QDs formation.  
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1. Introduction 

Recrystallization of amorphous materials is a very interesting phenomenon, but still unknown in some 

transformation details. The instability of materials when their dimensions come into the nanoscale becomes 

a significant issue both for fundamental understanding of nanomaterials and for their applications.
1,2

 For 

example, large thermal instability was reported to induce great changes in electrical conductance of 

Ga-doped ZnO.
3
 During an electrocatalysis process, the supported Pt nanoparticle catalysts could also 

exhibit strong instability in size, shape, and microstructure. This greatly degrades the performance of a fuel 

cell.
4
 During the chemical vapor deposition growth of Si nanowires, the instability of metal catalyst 

nanoparticles was reported to largely affect a vapor-liquid-solid process. This could be used to control the 

product morphology.
5
 Li et al. pointed out that the instability could be caused by a combined effect of 

structural disorder and inhomogeneous strain fields.
6
 Joshi et al. demonstrated that a grain rotation 

contributes much to the shear instability of nanocrystalline and amorphous materials, and is size-dependent.
7
 

However, it is noted that both theoretical and experimental works which treat the regarded instabilities have 

been very few to date.  

On the other hand, amorphous hollow nanoparticles provide the idea model materials for the investigation 

of recrystallization of amorphous materials with in-situ observation inside TEM. Hollow nanostructures 

have attracted an increasing interest because of their specific morphologies and properties that differ from 

bulky counterparts,
8-15

 and hence have prominent applications in drug-delivery,
16,17

 catalysis,
18,19 

and 

biologic imaging.
20,21

 However, due to peculiar structural features, such as hollow interiors and thin shells, 

they could behave differently with respect to instability. The confirmations of such behavior however have 

been lacking till now due to numerous experimental difficulties. Fan et al. observed mass diffusion along the 

inner pore surfaces in the hollow nanostructures.
22,23

 Previously, we documented a structural instability of 
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amorphous ZnO hollow nanoparticles (HNPs) during a photocatalysis process. Such instability can be 

hindered by the intercalation of ultrafine noble metal nanoparticles (NPs) and by improving the ZnO matrix 

crystallinity.
18

 On the other hand, recently, in-situ processes and synchronous observations inside a 

transmission electron microscopy (TEM) have become a very cogent way for the structural and property 

investigations of nanostructures. This technique endows a researcher a “hand” (in-situ nanomanipulation) 

and an “eye” (in-situ imaging) at the same time.
24-28

 Therefore, the in-situ TEM could provide an effective 

way for a study of crystallization and instability of NPs.  

Herein, we present in-situ TEM investigations of crystallization and deformation of ZnO HNPs under 

focused electron beam irradiation. Pronounced instability, manifested by dramatic deformations, was 

observed during crystallization. This induced a collapse of HNPs and their transformation into 

monodispersed ZnO quantum dots (QDs) with loose substrate limitation, possibly precise locating, and 

facile size control. The features and processes of deformations were subtly observed, and then the simulated 

shear stresses within HNPs were thoroughly analyzed. These results would be particularly important for the 

understanding of small nanostructures grown by a solution method,
1,2,18

 and could be utilized for diverse 

nanofabrications.  

 

2. Experiments 

Formation of Zn-ZnO core-shell nanoparticles. The ZnO amorphous HNPs were synthesized by laser 

ablation in liquid and subsequent weak acid etching. Firstly, a zinc plate (99.99%) was fixed on a bracket in 

a glass vessel filled with 10 ml 0.05 M sodium dodecyl sulfate (99.5%) aqueous solution. The plate was 

ablated (irradiated) for 30 min by the first harmonic of Nd: YAG laser (1064 nm, frequency 10 Hz, pulse 

duration 10 ns) with a 2 mm focused spot.  
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Formation of amorphous ZnO hollow nanoparticles. After the formation of nanoparticle by laser 

ablation in liquid, the 50 ml obtained colloidal solutions were etched by tartaric acid (TA, C4H6O6, 10 mM, 

20 ml). The etching agents were slowly dropped into the colloidal solution, droplet by droplet, at the 

invariable temperature 40 
o
C on a stirrer with a heating pedestal. After etching, the colloidal solutions were 

centrifuged at 14000 rpm and then ultrasonically re-dispersed in ethanol for more than five cycles to remove 

the surfactants, and finally draught-dried in an oven at 40 
o
C for 24 h.  

In-situ observation on the formation of ZnO quantum dots. The in-situ electron beam irradiation 

experiments were carried out in a high resolution transmission electron microscope (HRTEM, JEOL JEM 

2010F) operated at 200 kV. The nanoparticles were re-dispersed in pure ethanol and collected on a TEM 

copper grid covered with an amorphous carbon film for electron irradiation and HRTEM observations.  

 

3. Results and discussion 

The starting materials, the ZnO HNPs, were fabricated by laser ablation and subsequent weak acid-etching 

as discussed in our previous reports.
18,29,30,31

 The diameters of HNPs could be adjusted from 10 to 50 nm 

under a fabrication process. The small HNPs had an amorphous structure, but the larger HNPs exhibited few 

crystalline ultrafine grains, which are surrounded by disordered areas within the shells.
18,31

 The in-situ 

electron beam irradiation was carried out in a HRTEM on HNPs dispersed on carbon-coated grids. 

3.1. Process of in-situ crystallization and deformation. The consecutive morphological evolutions of a 

single ZnO HNP under the electron irradiation were recorded by a series of HRTEM images, as shown in 

Fig. 1. The primal HNP has a diameter of 12 nm and an intact spherical appearance (Fig. 1 (a)). After flash 

irradiation, notable structural distortion takes place, especially at the particle surface, Fig. 1 (b). Such 

deformation becomes more profound with an irradiation time increasing, as seen in Fig. 1 (b) to (c). At the 
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same time, the mass aggregation occurs in Fig. 1 (c), as reflected by the appearance of small dots of a dark 

contrast. With further irradiation, the mass aggregation becomes more apparent and the discrete new dots 

become clearly visible, Fig. 1 (d). The hollow shell matrix is still preserved. The subsequent irradiation 

leads to a final collapse of HNP. The process is accompanied with the appearance of many ultrafine particles, 

as presented in Fig. 1 (e) (30 s irradiation). The additional irradiation promotes the particle separation [Fig. 

1 (f), (g), and (h)]. 

  The changes of crystallinity and composition before and after electron irradiation were then analyzed. The 

selected area electron diffraction (SAED) pattern of a starting HNP in Fig. 1 (a) exhibits faint halos (Fig. 2 

(a)), indicating an amorphous state, which is in accord with our previous report.
18

 After irradiation, (Fig. 1 

(h)), the SAED pattern taken from the same area exhibits many bright diffraction spots. These form 

incomplete diffraction rings which can be indexed to a wurtzite ZnO in Fig. 2 (b). On the other hand, from 

the EDS spectra in Fig. 2 (c), the Zn/O ratios before and after irradiation are 0.91:1 and 0.88:1, respectively, 

thus close to the stoichiometric compositions. It is noted that previously, Du et al. reported the 

crystallization of amorphous SiO2 by ex-situ electron beam irradiation and a product was found to be 

crystalline Si.
32

 By contrast, Andrew et al. reported that Fe oxide compositions were preserved during 

irradiation-induced crystallization of amorphous Fe oxide NPs.
33

 Our data shows that the Zn oxide reduction 

does not take place in the present case as well. 

  We assume here that the above irradiation-driven evolution may actually contain two underlying 

processes of in-situ crystallization and synchronous HNP deformation leading to monodispersed ZnO QD 

formation.  

  An edge area of an HNP was particularly analyzed in Fig. 3. The disordered state is obvious for the 

starting HNP, as shown in Fig. 3 (a). After short-time irradiation, two grains denoted as “A” and “B” in Fig. 
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3 (b) appeared. During irradiation, they are flickering in the field of view and act as embryo nucleus. At the 

same time, the contrast of the grains’ surrounding area gradually fades away, which indicates the atomic 

migration towards the grains. This feeds the grain growth. Under further atomic migrations new grains 

appear and the former grains grow. On the other hand, such migration towards the grains forms spatial gaps 

among them, leading to a marked separation, as shown in Fig. 3 (c). Moreover, the grain diffusion 

(described below) should also contribute to the regarded morphology changes.  

3.2. Process features: volume expansion and size effect. From the in-situ TEM observations, it is apparent 

that the crystallization and deformation has two peculiar features, namely, volume expansion and size effect. 

The former is well reflected by Fig. 1, where the dashed circles point out the primal HNP’s areas. Under the 

electron irradiation, the HNP gradually expands, from Fig. 1 (a) to (b), (c), and (d). Typically in Fig. 1 (d), 

the primal area becomes notably smaller (after 20 s irradiation) compared to the initial state. The 

corresponding radius and volume increase to ~15% and ~55%, respectively. Considering the preserved 

integrality of HNP and a so high expansion ratio, it is believed that the process does not reflect a 

conventional thermal expansion. The collapse of HNP may thus be regarded as a result of volume expansion 

under internal stresses. When such stress exceeds a critical value, a ZnO HNP collapses due to its high 

brittleness and low cohesive energy.  

  On the other hand, the process exhibits significant size effects, as shown in Fig. 4. The size of starting 

HNPs is 30, 20, and 12 nm (Fig. 4 (a), (b), and (c)), whereas the average diameters of obtained QDs after 

electron irradiation are 3.4, 2.5, and 1.2 nm (Fig. 4 (d), (e), and (f)), respectively. The lattice fringes 

corresponding to the ZnO (002) planes are visible. The QDs have a narrow size distribution. Noticeably, the 

sizes of these QDs are comparable with the Bohr diameter of ZnO (1.8 nm). Therefore, the pronounced 

quantum effects and corresponding changes in optical properties could be envisaged in line with the 
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effective-mass approximation model.
34

 Compared with the conventional fabrication routes of QDs,
35,36

 the 

reported process has several sound advantages. They are namely: (i) no particular demands to a substrate; 

(ii) precise QDs positioning (the starting HNP could be pre-located), and (iii) a facile size control. These 

features make the in-situ process and the resultant QDs highly useful for the optical and optoelectronic 

nanodevice applications.  

  Thermodynamically, the in-situ crystallization of ZnO HNPs was stimulated by a thermal effect of 

electron beam irradiation, which is similar to amorphous SiO2
32

 and Fe oxide
33

 cases. The irradiation with ~ 

2*10
6
 e/s nm

2
 intensity could rapidly induce the temperature rise in the materials. The highest temperature 

for the present ZnO HNPs is estimated to be in the range of 400 to 600 K.
37

 On the other hand, electron 

beam heating is reported to decrease the nucleation barrier, which also promotes crystallization.
32

  

  The observed HNPs deformation under irradiation needs a special attention. Although the volume 

expansion was observed during the amorphous-crystallization of a metal-glasses due to an increase in “free 

volume”, the expansion rate documented herein is much larger than those reported for any metal glass.
38

 

The huge volume expansion of ZnO HNPs could be taken as a macroscopical response to the atomic 

migrations and grains’ separations.
6
 For example, the grain (B) is obviously away from its original position 

in Fig. 3 (c). The outward direction is dominant for the observed volume expansion and deformation. This 

indicates that the large thermal shear stresses could exist within the HNPs shells.  

3.3. Simulated shear stress and its size effect. Fig. 5 (a) presents the 3-dimensional and planar structural 

models for ZnO HNPs, where rin, rout, and r are the the inner, outer radii, and a distance to a given mass 

within the shell, respectively. The applied structural parameters of HNPs are indexed as (rin, rout). We focus 

on a site-dependent shear stress, and set the boundary conditions as following: r = rin, σ = 0 and r = rout, σ = 

0, where σ is a thermal stress in the radial direction. According to the thermal elastic theory,
39,40,41

 the radial 
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and tangential stresses based on spherical coordination ( ϕθ σσϕθ == ,dd ) under the equilibrium conditions 

could be expressed as:  

( ) 02
1

=−−+ ϕθ σσσ
σ

r
r

rdr

d
, 

outin rrr ≤≤                                  (1) 

In the case of external temperature approach, the total thermal strain is written as: 

( )θσσαε v
E

T rr 2
1

−=−  and ( )[ ]rvv
E

T σσαε θθ −−=− 1
1

                    (2) 

where T is a function of the shell thickness, and satisfies: 0=
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 within a spherical shell. Therefore, 

the stress in the radial direction is deduced as:  
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  Then, a site-dependent thermal shear stress can be simulated as illustrated in Fig. 5 (b) according to 

different structural configurations, and then the stress gradients (Fig. 5 (c)) can be obtained from the 

site-dependent stresses. In case of HNPs, the large shear stresses can be induced by electron beam heating. 

The maximum stresses in the shells are as high as 6~30 MPa, which means that the activation energy up to 

0.01 eV should be taken into account. This may excite the regarded atomic migrations and grains’ diffusion 

under crystallization and deformation processes. More importantly, the stress gradients can be as high as 

6~28 MPa in Fig. 5 (c), which could induce inhomogeneity of structure response to electron beam heating. 

This well support the morphological evolutions of HNPs observed in Fig. 1 and Fig. 3. Similarly, Spaepen 

demonstrated that small thermal fluctuations could break any existing defect in an amorphous metal into 

small segments with lower configuration energies.
 42

 

For the HNPs with different structural configurations, shear stresses exhibit obvious size effects. Through 

comparing the curves in Fig. 5 (b), one can see that the shear stress intensity decreases with an increase in 

rin and rout. For example, the stress decreases from 29.4 to 8.8 MPa with radius increasing from 6 to 14 nm. 

The stress gradients also decrease from 27.4 to 5.6 MPa/nm with an original HNP size enlarging. The 
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 9 

decreased intensity and gradient of a shear stress would depress the activity of atomic migration and grain 

diffusion. Such changes in the larger HNPs would make the deformation process milder during 

crystallization, and advance the grains to grow larger in the thermodynamically conditions with higher 

equilibrium. This is in accord with a size decrease of resulted QDs from the smaller starting HNPs, as 

observed in Fig. 4. Previously, Joshi and Ramesh theoretically treated the size effects of a grain rotation, 

which induced the shear instability in the nanocrystalline and amorphous materials.
7
  

  Furthermore, it is worth noting that the size effects of shear stresses and their gradients are much more 

significant for the small size range. With the size decreasing, the increasing rates of the intensity and the 

gradient of a shear stress become abrupt (i.e. when a radius is below 20 nm in Fig. 5 (b) and (c)). By 

contrast, these rates are nearly saturated and only marginally changeable in the large size range. These 

phenomena demonstrate that the instability will become more dominant in the smaller HNPs where the 

stronger deformation should occur during the crystallization. Li’s simulations also showed that a disorder 

and internal inhomogeneous strain fields play an important role in the instability.
6
 Recently, we have also 

observed the significant enhancement of instability of ZnO and ZnS nanowires when the concentration of 

dopants was in a certain range, that also induces the local disorder and stress-strain fields within a lattice.
43

  

 

4. Conclusions 

In summary, the in-situ HRTEM observations have been performed to explore the crystallization and 

deformation of ZnO HNPs under focused electron beam irradiation. A series of violent morphological 

changes were observed. These resulted in HNPs collapse and their transformation into monodispersed ZnO 

QDs. Compared with the conventional routes, the present QDs formation process has several sound 

advantages such as no specific requirements for a substrate, precise QDs location and size control. The 
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 10 

detailed observations demonstrate that the atomic migration and grains’ separation are the kinematic 

inducements of the dramatic HNPs deformations under crystallization, accompanied with the huge HNPs 

volume expansions and notable size effects. The numerical simulations demonstrate that the thermal shear 

stresses and their gradients greatly stimulate the atomic migrations and grains’ diffusions, and hence the 

dramatic deformations. The size effects of the calculated thermal shear stresses presume their dominance for 

the small-sized HNPs and for those exhibiting an amorphous or partially disordered state. These would 

induce larger deformations during a crystallization process and could be utilized for the smart QDs 

nanofabrication. 
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Figure captions 

Fig. 1 In-situ HRTEM irradiation and imaging of consecutive evolutions of an individual ZnO HNP 

under irradiation with a focused electron beam. The dashed circles index the area of the starting 

HNPs. 

 

Fig. 2 Comparison of SAED patterns before (a) and after (b) electron irradiation, and the 

corresponding EDS spectra (c). 

 

Fig. 3 Local HRTEM observations of the HNP edge area evolutions under 0 s (a), 10 s (b), and 20 s 

(c) electron irradiations. The dashed circles point out the nascent and grown grains.  

 

Fig. 4 HRTEM images of selected single HNPs with diameter of 30 (a), 20 (b), and 12 (c) nm, and 

the correspondingly transformed QDs (d), e, and f, respectively.  

 

Fig. 5 Structural models of HNPs (a), numerically simulated site-dependent thermal shear stresses 

(b), and diameter-dependent gradients (c). Here, rin, rout, and r are the inner, outer radii, and a distance 

to a given mass site within the shell. The applied structural parameters of HNPs are indexed as (rin, 

rout).  
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Fig. 1 In-situ HRTEM irradiation and imaging of consecutive evolutions of an individual ZnO HNP under 

irradiation with a focused electron beam. The dashed circles index the area of the starting HNPs.   
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Fig. 2 Comparison of SAED patterns before (a) and after (b) electron irradiation, and the corresponding 

EDS spectra (c). 
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Fig. 3 Local HRTEM observations of the HNP edge area evolutions under 0 s (a), 10 s (b), and 20 s (c) 

electron irradiations. The dashed circles point out the nascent and grown grains.  
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Fig. 4 HRTEM images of selected single HNPs with diameter of 30 (a), 20 (b), and 12 (c) nm, and 

the correspondingly transformed QDs (d), e, and f, respectively.  
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Fig. 5 Structural models of HNPs (a), numerically simulated site-dependent thermal shear stresses (b), and 

diameter-dependent gradients (c). Here, rin, rout, and r are the inner, outer radii, and a distance to a given 

mass site within the shell. The applied structural parameters of HNPs are indexed as (rin, rout).  
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