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target relief. Nevertheless, experimental 
and theoretical methods for investigating 
these phenomena are limited, and the 
nature of the mechanisms behind these 
interactions remains unsolved. Therefore, 
there is a demand for encouraging the 
development of new protocols to aid in 
the design and understanding of the nature 
of the mechanisms behind these processes.

Significant effort has been devoted to 
fabricating patterns of metal nanoparticles 
(NPs) on the surfaces of different sub-
strates owing to their singular properties, 
which are distinctly different from those 
of the bulk, with potential use in catalysis, 
electronic nanodevice development, infor-

mation storage, etc.[5] In this context, electron beam irradiation 
inside a TEM or SEM instrument constitutes a direct platform 
for the formation of metal NPs, whose main advantage is the 
execution of the mechanisms at the atomic level in nanometric 
dimensions under conditions of high vacuum at room tempera-
ture. It is an excellent methodology for the in situ investigation 
of nanoscale phenomena,[6] and for the fabrication and manipu-
lation of NPs.[7] The growth processes of several metallic NPs—
such as Li, Au, Cu, Co,[8] and Ag NPs, which our work group 
has been focused on,[9–11] are being studied for technological 
applications.[12–17] Accordingly, two in situ synthesis approaches 
have exhibited promising results—electron beam irradiation in 
a microscope and fs laser direct irradiation.[2,4]

In the current study, whether femtosecond laser and electron beam 
irradiation of indium phosphide (InP) are “green,” fast, and effective methods 
to produce metallic In nanoparticles is probed. High-resolution transmission 
electron microscopy and energy-dispersive X-ray spectroscopy are employed 
to investigate the formation and growth of In nanoparticles on InP. Density 
functional theory and quantum theory of atoms in molecules calculations are 
employed to reveal the nature of formation of In nanoparticles under electron 
beam irradiation. These results expand the fundamental understanding of the 
atomic processes underpinning the mechanism of In−P bond rupture during 
the transformation process induced by the electron irradiation of the InP 
crystal by increasing the total number of electrons in the bulk structure.
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Femtosecond (fs) laser irradiation of solids has played a critical 
role in materials processing at the micro- and nanoscale.[1–3] 
Moreover, the interactions of an electron beam with matter 
have been intensively investigated, laying the foundation for 
transmission electron microscopy (TEM) or scanning electron 
microscopy (SEM), coupled with various imaging and structural 
analyses. Such tools provide valuable information on the micro-
structure, composition, nanoscale properties, and potential 
applications of the irradiated materials, and the development 
of techniques to fabricate novel structures.[4] These abundant 
applications require thorough knowledge of the fundamen-
tals of laser/electron interactions with the target material, for 
enhanced controllability of the resulting modification of the 
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Indium phosphide (InP), like other III–V semiconductors, 
has a wurtzite or zinc-blende (ZB) crystalline structure, where 
ZB is the most stable structure at the micrometer scale.[18] The 
ZB structure belongs to the class of symmorphic space groups 
and has the Td symmetry as its factor group, with two atoms in 
the primitive unit cell.[19] The structure of InP is composed of 
[InP4] clusters. However, randomly in the bulk and especially 
on the surface, there are clusters with undercoordinated In 
cations with the formation of P vacancies. The InP material, 
similar to other compounds of groups III and V, has covalent 
bonds; however, in this case, owing to the larger electronega-
tivity difference between In and P atoms, the InP bond has 
a partial ionic character. InP is a semiconductor with a direct 
bandgap energy of Egap  = 1.34  eV, low unpassivated surface 
recombination velocity,[18] and high electron mobility. This 
bandgap is close to the ideal value of the Shockley–Queisser 
limit in photovoltaics and matches that of the terrestrial solar 
spectrum, which translates into a theoretical maximum solar 
conversion efficiency of 31% (under terrestrial irradiation using 
a single p–n junction).[20] In addition, this semiconductor also 
satisfies the requirements of an absorber material in a dual-
electrode photoelectrochemical water splitting device.[21] InP is 
also a serious candidate for the production of high-efficiency 
solar cells[18] and photocathodes for the hydrogen evolution 
reaction.[22] Other possible applications are its use as a photode-
tector and laser, and in nanowire development.[23]

Golberg et  al.[24] pointed out the possibility of the in situ 
growth of In nanocrystals on the surface of InP nanorods medi-
ated by an electron beam of TEM, for enhancing the optical 
properties of the semiconductor. According to Gonzalez-
Martinez et  al.,[4] when an irradiated semiconductor meets 
an electron beam, owing to the laws of energy and impulse, 
elastic and/or inelastic shocks occur. The electrons that result 
on inelastic shocks from the collisions with the sample clus-
ters can absorb a fraction of the original electrical energy, with 
the rest being diverted. The consequences of inelastic shocks 
include not only scattering of the electrons but also a displace-
ment of the nuclei when the shock surpasses the displacement 
energy threshold, a value that depends on the chemical com-
position and atomic structure of the material. The shocks can 
also lead to the production of secondary or high-energy Auger 
electrons, thus removing the materials from the equilibrium 
conditions, resulting in oxide-reduction reactions and/or crys-
tallization phenomena.

The irradiation of InP material in vacuum with an electron 
beam of the TEM induces the weakening of InP bond and 
the asymmetric clusters mainly present on the surface start to 
interact with the electron beam via elastic and inelastic shocks 
and heating. These defective InP species can be considered 
as quantum dots, which absorb electrons, causing structural 
changes owing to polarization effects in the short and medium 
ranges. The polarization modifies the rotational motion of per-
manent moments in different [InP4] complex clusters, which 
can cause heating, electrostatic charging, ionization damage 
(radiolysis), and displacement damage. These phenomena 
are produced at the atomic level, featuring a quantum phe-
nomenon via the polarization processes on the structural and 
electronic distorted [InP4] clusters by the permanent moment 
of other neighboring clusters, inducing a symmetry breaking 

process that promotes the displacement of In from the bulk to 
the surface.[4]

Musaev et  al.[25] demonstrated the formation of In NPs on 
InP wafers via laser-assisted etching and Qian et al.[26] analyzed, 
for the first time, the evolution of periodic structures on InP 
(100) surface irradiated with an fs laser. The structural and elec-
tronic transformations of the InP material are induced. The 
absorption of photons in the semiconductor can create random 
clusters owing to the promotion of a high density of electron–
hole pairs with a large amount of kinetic energy. These “hot” 
carriers thermalize among each other, promoting the detach-
ment of electrons, holes, and complex symmetric and asym-
metric clusters and forming plasma. When the plasma is extin-
guished, all the hot species experience a coalescence phenom-
enon stimulated by cooling, thus forming nanoparticles.[2]

Our research group is engaged in a project devoted to study 
of the in situ nucleation and growth processes of Ag NPs on 
different Ag-based semiconductors and Ag-containing com-
pounds, such as α-Ag2WO4, β-Ag2WO4, β-Ag2MoO4, β-AgVO3, 
Ag2CrO4, and Ag3PO4, with interesting technological appli-
cations such as photoluminescence, microbial agents, and 
photocatalysts.[9,11,16,27–29] In this context, very recently, we 
have presented the scale-up of the formation of Ag NPs on 
α-Ag2WO4 with bactericidal properties via fs laser irradiation.[17] 
We have also recently presented the laser-induced formation of 
Bi NPs with coexisting crystallographic structures (rhombo-
hedral, monoclinic, and cubic) on NaBiO3 with fundamental 
focus on laser-based nanofabrication.[30]

The objective of the current investigation is threefold. First, 
we report the formation and growth of In NPs from InP via 
electron beam irradiation and, to the best of our knowledge, 
via fs laser-assisted irradiation for the first time. Second, we 
analyze and compare the modification of the structural proper-
ties induced by the electron irradiation and fs laser pulses and 
establish a correlation between these changes. Third, we aim to 
apply first-principles calculations, based on density functional 
theory (DFT) using the quantum theory of atoms in molecules 
(QTAIM), to determine the structural and electronic proper-
ties of InP bulk, and to answer two central questions: (i) What 
happens when excess electron density, simulating the elec-
tron beam of TEM, approaches the surface and bulk of InP? 
(ii) How are the electrons distributed in this material, and how 
does this distribution relate to the structural and electronic evo-
lution to form metallic In? We shall discuss how the analysis, 
provided by both experimental and theoretical results, of the 
physical and electronic structure of InP allows us to explain 
the early events in the formation and growth of In. The dis-
cussion will address the details of image acquisition and anal-
ysis, which will provide a guide to interpret the experimental 
results. We believe that the present results are of outstanding 
relevance, as they may inspire efficient synthesis of In NPs, 
contribute to broadening the fundamental knowledge on the 
effect of the electron/light–matter interaction, and facilitate 
an in-depth investigation of the physicochemical behavior and 
possible applications in various fields (i.e., sensors, catalysis, 
optical devices, and biosystems).

Figure 1 shows the TEM images of an InP sample irradiated 
with a 200  kV electron beam for 1  min (Figure  1A), 5  min, 
(Figure 1B), and 9 min (Figure 1C). An analysis of the results 
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shows that the InP sample undergoes a change owing to the 
electron beam irradiation, with the formation of a film of In 
NPs of different sizes and shapes on the surface. After 5 min 
of exposure to the beam (Figure 1B), the InP sample becomes 
saturated with electrons resulting in a diffusion process of 
In NPs and, consequently, several In NPs and clusters are 
ejected to the carbon film. Moreover, the number of In NPs 
attached to the surface of the material is increased, forming 
a wrap over the irradiated region. Finally, Figure  1C shows 
that the growth of the film around the surface of the material 
has stopped, and simultaneously, it shows agglomeration phe-
nomena between the NPs deposited on the carbon film (upper 
inset in Figure  1B), thus forming larger particles (upper 
most inset in Figure 1C). It is observed that, as the material 
is exposed to the electron beam irradiation (Figure  1A–C), 
the delocalization of In NPs causes the formation of a shell 
that covers the material. The layer acts as a passivation layer 
(when a chemical or physical process makes a surface inert) 
on the material, and consequently, with the progress of time, 
the material becomes less susceptible to the action of electron 
irradiation. The elastic shocks from the electron beam irradia-
tion continue to occur, but the inelastic shocks are reduced 
owing to the formation of a plasmon on the surface, which 
causes a collective movement of the electrons in the formed 
metal layer.

A high-resolution TEM (HRTEM) image of the In NPs 
deposited on the carbon film and a fast Fourier transform 
image are shown in Figure  S1 (Supporting Information). An 

analysis of the results shows the (101), (002), and (110) crys-
tallographic planes, which indicate that the analyzed NPs are 
metallic tetragonal In, according to the crystallographic card 
ICSD (No. 171679),[31] belonging to the space group I4/mmm. 
Thus, we can highlight two main phenomena: the formation 
of In NPs attached to the InP surface and the release of In NPs 
with a high crystallinity from the InP matrix.

Figure  1D–I shows the on-site HRTEM images collected 
with prolonged exposure to electron beam irradiation (inside 
a TEM of 300 kV electron beam), presenting a better visualiza-
tion of these phenomena. Initially, in Figure  1D, the indexa-
tion of the crystallographic planes of the matrix—(111), (200), 
(220), and (311)—confirms the presence of cubic InP (crystal-
lographic card JCPDS (No. 32-452), space group 43F m).[25] In 
NPs are formed on the surface of the InP sample with the pro-
gress of time; after 4 min of exposure to the beam (Figure 1E), 
both the amount and size of In NPs increase (Figure  1F). 
Figure  1G–I indicates that the In NPs thus formed leave 
the InP surface and are deposited on the carbon film. In 
Figure  1H,I, the index belonging to the metallic tetragonal 
In planes of both NPs—attached to the surface of the mate-
rial and deposited in the carbon film—can be identified. By 
analyzing the images obtained through electron irradiation 
for 0–14  min, the evolution can be summarized as follows:  
(a) formation of clusters, (b) coalescence of neighboring 
clusters forming In NPs, (c) displacement of In NPs to the 
surface, and (d) displacement of In NPs from the surface to 
further places.

Part. Part. Syst. Charact. 2018, 35, 1800237

Figure 1.  TEM images of InP sample irradiated by electron beam at different times: A) 1 min; formation of In NP on InP surface; B) 3 min; decrease 
in thin film growth and InP nanoparticle blast with formation of nanoparticles and clusters on the carbon screen; and C) 5 min; stop the growth of 
the film around InP and random distribution of NPs and clusters. The insets show magnified images of the pointed regions. D–I) Sequence of in situ 
HRTEM images showing the growth and detachment of metallic indium nanoparticles from the InP structure within the time of exposure to an electron 
beam. J–O) Time-resolved HRTEM images of an In NP on the InP surface.
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Figure 1J–O presents a sequence of HRTEM images showing 
the increase in size of tetragonal In NPs with the progress of 
time of exposure to the electron beam irradiation. Figure  1J 
shows quasi-spherical In NPs of ≈5.6  nm × 5.1  nm attached 
to the InP surface, as confirmed by the crystallographic planes 
index. A visualization of the subsequent figures (Figure 1K–O) 
shows the growth process of the In NPs owing to a mass trans-
port from [InP4] clusters of the InP lattice to the In NPs. These 
events are accompanied by a morphological deformation, which 
does not influence the crystallinity of the material.

Figure  2A shows a schematic representation of the 3D 
structure of InP in which the [InP4] clusters are highlighted 
as building blocks of this material. To analyze the effect of the 
electron beam, calculations were performed by considering the 
injection of electrons on the InP bulk and analyzing the corre-
sponding response. The calculations begin with the geometrical 
optimization of the InP structure by increasing the number of 
electrons of the bulk structure from N = 0 (neutral) to N = 6e 
(charged). Figure 2B,C shows the evolution of the length bonds 
of InP and InIn and the optimized cell parameter as a func-
tion of the number of electrons, respectively, where a smooth 
linear trend is obtained. An analysis of these results shows that 
the addition of electrons increases the InP and InIn bond 
distances, and an expansion of the lattice parameters and cell 
volume occurs, as shown in Figure  2E. Here, the structural 

changes induced by the inclusion of electrons into the InP 
structure can be observed. The InP bonds are broken and, 
consequently, the [InP4] clusters are structurally and electroni-
cally distorted, generating ideal conditions for the growth of In 
NPs and the formation of defective [In1−xP4] clusters.

Bader charge densities of each species with the addition of 
electrons,[32] and the maps of isolines between the In and P ele-
ments projected on the (110) plane as a function of electrons 
added to the unit cell are shown in Figure  2D,F, respectively. 
The electronic charge enclosed within the Bader volume was 
evaluated for In and P atoms; as the InP contains four atoms 
of each type, each extra electron is shared among the total eight 
atoms. An analysis of these results shows that the additional 
electron imposed in the InP structure is transferred mainly to 
the In cation. N was selected as 6e per unit cell to represent 
the necessary number to reduce the In cations to form metallic 
In0. The calculation results of the charge density, ρbcp, at the  
(3, −1) bond critical points (BCPs) and the Laplacian of the 
charge density, ∇2ρbcp, of InP bonds in the [InP4] clusters are 
listed in Table 1.

An analysis of these results indicates that the extra electrons 
affect the atomic charge of both atoms and the neutral atomic 
configuration of In cation is obtained after adding six electrons 
to the bulk structure. Under the same conditions, the atomic 
charge of the P atom becomes −1.25. The effect of adding 
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Figure 2.  A) 3D structure of InP composed by tetrahedral [InP4] clusters. B) Bonds distances of InP and InIn, C) lattice parameter (a), and D) atomic 
charge (q) as function of number of electrons. E) Cell volume when N = 0e and N = 6e. F) 2D schematic representation of the Bader charges projected 
on the (110) surface of the InP crystal.
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electrons to the material produces differences in the values of 
the charge density and Laplacian at the (3, −1) BCPs. Thus, 
the charge density and the Laplacian values of InP bonds are 
reduced as the number of added electrons is increased, indi-
cating that these bonds become less strong, which is consistent 
with the above discussions. Therefore, In cations attract more 
electrons over the entire irradiation process. Such behavior can 
be associated with the empty subshells of the outer fifth shell of 
In atoms (In: [Kr] 4d10 5s2 5p1), whereas the electron distribu-
tion percentage for P atoms is less as their outer subshell is 
half-filled ([Ne] 3s2 3p3).

For the InP sample irradiated with the 300  kV electron 
beam, an increase in the structural and electronic disorder 
of InP can be observed, as shown in Figure  3. The disorder 
is caused by the reduction of the In cations, leading to a per-
turbation of the original crystalline lattice, thus promoting the 
aggregation of In atoms on the surface of the material. This 
disorder increases with time of exposure to electron beam irra-
diation, as shown in Figure  3A–F. The purple spheres repre-
sent the In cations, expressing mobility with respect to time. 
Figure 3G shows that the longer the irradiation time, the more 
In cations change their position, exhibiting a linear absorption 
of electronic density, which causes a cumulative structural and 
electronic disorder in the system. When the disorder in the 
material increases, In vacancies are generated in the semicon-
ductor as the formal In3+ cation is reduced to metallic In0, and 
the semiconductor changes from n- to p-type, which leads to 
a polarization of the crystalline lattice, rendering electron/hole 
recombination more difficult. Moreover, the material that sup-
ports the In NPs is transformed into a nonstoichiometric mate-
rial, In1−xP, owing to the absence of In cations inside the crystal 
structure.

In has a low melting point (156  °C), which renders it a 
good candidate for the studies of in situ crystallization and 

recrystallization phenomena. According to Golberg et  al.,[24] 
the phenomenon of in situ consecutive rounding and sharp-
ening of In NPs can be attributed to subsequent melting and 
recrystallization of the material during the growth. Further, it 
is well known that the P atom evaporates at low temperatures, 
and under the electron beam irradiation in TEM conditions, 
the vapor pressure of P atom may reach 10−6–10−3 Pa,[33] which 
may induce its detachment out of the semiconductor network 
and lead to an imbalance between the In cations and P atoms, 
and consequently, the remaining In cations bond with other In 
cations. This process leads to the formation of pure In NPs, with 
the crystals being detached by the exposure to the electron beam.

The formation and growth processes of In NPs can be con-
sidered an adequate method of synthesis induced by electron 
beam irradiation, where a micrometric precursor is irradiated 
gradually, experiencing several structural transformations until 
it suffers an “explosive” reaction, resulting in the ejection of a 
large number of In NPs, which are deposited in the TEM grid 
of the carbon film, with the larger particles located closer to the 
matrix, and the particle size decreasing with the distance from 
the matrix. Moreover, some In NPs can increase in size gradu-
ally with the continuous exposure to the beam.[4] According to 
Batson et  al.,[34] electron beam irradiation can induce electro-
magnetic forces (attractive or repulsive) in groups of nanoscale 
metal particles, as a plasmonic response to its passage. The 
nature of these forces depends on the electron beam param-
eters and the nature of the crystal.[35] Therefore, it is impor-
tant to consider not only the common interactions between 
nanoparticles, but also the forces induced by the electron beam 
irradiation, which can have a scattering effect on the nanopar-
ticles, preventing them from exhibiting complete Brownian 
motion.[36] Thus, the motion of In NPs induced by the electron 
beam irradiation can result in a movement of In NPs against 
each other to generate larger particles, or even in the ejection of 
particles out of the matrix.

The results obtained with other materials, such as 
Ag2WO4,[9–11,16,27,28,37] Ag2MO4,[12] β-AgVO3,[14] and Ag2CrO4,[13] 
show that specific clusters are capable of absorbing the 
incoming electrons of the beam, yielding the reduction process 
from Ag1+ to Ag0. In contrast, the formation and growth pro-
cesses of In NPs promoted by electron beam irradiation occur 
in a delocalized manner along the surface of the material. For 
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Table 1.  QTAIM results of the charge density, ρbcp, at the (3, −1) bond 
critical points (BCP) as well as its Laplacian, ∇2ρbcp, in InP.

Number of electron 0 1 2 3 4 5 6

ρbcp 0.40 0.33 0.25 0.19 0.14 0.10 0.08

∇2ρbcp 1.125 1.000 0.740 0.530 0.390 0.310 0.280

Figure 3.  A–F) HRTEM images of InP showing the scheme to structural disorder. G) Evolution of atomic disorder with time.
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InP, the above mentioned phenomenon does not occur because 
the crystal is constituted of only one type of cluster of In, [InP4], 
which is reduced in the entire extension of the irradiated area. 
As In is a heavy element, it requires higher-energy electrons 
to be displaced; thus, the interaction with electron beam irra-
diation is highly dependent on the intensity parameters of the 
beam.[24] Hence, a conventional SEM system has insufficient 
power to alter the InP surface. Tetragonal In NPs with defined 
morphologies (hexagonal and rectangular) were obtained by 
Golberg et al.[24] via electron irradiation inside a TEM at 300 kV. 
However, the In NPs obtained in this study were attached to the 
surface and no other phenomena, such as their ejection from 
the surface of InP, were observed.

According to our theoretical model, both In cations and P 
atoms absorb the electronic charge added, as shown in Figure 2. 
This behavior is different from that observed in previous works 
(Ag2WO4,[9–11,16,27] Ag2MO4,[12] AgVO3,[14] and Ag2CrO4).[13] In 
these materials, Ag presents a higher ionic characteristic in 
relation to other species and all absorption of charge by Ag can 
be compensated by the rearrangement between the different 
clusters and the generation of displacement defects in the struc-
ture. Thus, the Ag almost completely absorbs the charge. How-
ever, the covalent nature of the InP material and the existence 
of only one type of cluster that composes the structure prevent 
this behavior. As presented here, when InP is irradiated with an 
electron beam, a series of phenomena is observed: (i) formation 
of In NPs attached to the InP surface; (ii) formation of a wrap 
around the original InP network; (iii) segregation of In NPs 
from the InP surface; (iv) coalescence of In NPs. Therefore, 

it can be supposed that the superficial In species has a higher 
probability to reduce to In0, which is step (i). In step (ii), the In 
metallic NPs can be observed, and subsequent segregation and 
coalescence of In NPs occurs in step (iii).

Figure  4 shows the results of the exposure of InP sample 
to the fs laser irradiation in ambient environment. Before the 
irradiation, the morphology of InP is in the form of plaques. 
After the fs laser irradiation, its morphology is altered and InP 
spheres surrounded by metal In NPs in the form of islands are 
observed. An analysis of the crystallographic planes of an iso-
lated sphere reveals that the index of the planes corresponds to 
tetragonal metallic In (Figure 4B). Although the structure of the 
metal In NPs remains the same as in the case of the irradiation 
with TEM, the size and morphologies are different.

The energy-dispersive X-ray spectroscopy (EDS) mapping 
of the previously fs-laser-irradiated InP sample is presented in 
Figure  4C–H. Figure  4C,F shows the dark-field images in the 
TEM mode of the microscope, illustrating the entire selected 
analyzed area. Figure  4D,E and G,H displays the spatially 
resolved maps of the In and P elements, with an attribution of 
different colors to each element: In appears on yellow and P 
on purple. Therefore, it can be observed that the central spher-
ical particle is composed solely of elementary In with very few 
traces of P, which are spread over the sample, confirming the 
results obtained from Figure  4D,G. The other sections of the 
image show the original network of InP or the resulting non-
stoichiometric In1−xP samples.

As in the case of electron beam irradiation, fs laser irradia-
tion is very efficient for the synthesis of In NPs from an InP 
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Figure 4.  A) TEM image of the InP sample after the exposure to the fs laser irradiation. B) HRTEM image of the In particle and inset showing its indexed 
interplanar distances. C–H) Energy-dispersive X-ray spectroscopy (EDS) mapping of InP sample irradiated by fs laser.
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matrix. However, as mentioned before, the interaction between 
light and matter involves different phenomena. In this case, 
the incoming photons can be absorbed by the electrons in the 
InP sample, promoting a photoactivation process in which the 
electrons that interact with the incoming photons are either 
detached out of their respective atomic systems by a multipho-
tonic absorption process or become simply excited. The elec-
trons located at the structural defects in the lattice require a 
smaller amount of energy to leave the crystal than that required 
by the other electrons. One of the ways for the crystal system to 
recover the equilibrium condition is to segregate its constituent 
elements.[38]

Similar to electron beam irradiation, an fs laser promotes a 
set of phenomena on the surface of the sample (on the region 
where the energy deliver is maximized), but in a very short 
time scale (femtoseconds, picoseconds, and nanoseconds). 
Therefore, it is possible to promote not only electronic ejection, 
but also ionic detachment owing to electromagnetic forces, 
detachment of more electrons and ions owing to collisions 
between the detached accelerated electrons and the remaining 
atomic systems, and finally, the formation of an ablation 
plasma plume containing all the energetic detached species. 
As mentioned above, the laser–matter interaction leads to the 
formation of plasma, which continues to interact with the irra-
diated zone during its lifetime (≈ns). During the entire inter-
action, there are fast exchanges of energy while the energetic 
species move at high velocities owing to an intrinsic accelera-
tion, which results from the ejection process. The movements 
of the energetic species in the plasma result in an increase in 
its temperature and pressure. The exposure of the remaining 
material to the plasma promotes not only more detachment of 
atoms, but also an easier evaporation of P atoms owing to the 
pressure and temperature conditions, resulting in the agglom-
eration of the remaining In atoms. Note that as the process is 
promoted under ambient conditions, the In atoms could expe-
rience an oxidation and reverse oxidation during the lifetime 
of the plasma. However, after the agglomeration process of In 
atoms, there is not any evidence of further oxidation. As it has 
been reported in the past, In and InP NPs with sizes below 
≈5 nm tend to be susceptible to grow oxide layers in the surface 
and present a week crystallinity.[39] Nevertheless, the In NPs 
observed in our experiments got bigger sizes (5–200 nm), and 
not any further oxidation or structural disorder is observed. If 
there is an interest on getting InO or InPO NPs, a further NPs 
photofragmentation procedure might be suggested.[40]

The surface effects and the type of generated structures (size, 
morphology) depend on both laser parameters (e.g., pulses 
and fluences) and the composition of the materials.[25,41] When 
pulsed laser irradiation is used, the ablation or detachment of 
material may occur through several mechanisms, such as phase 
explosion,[42] evaporation,[43] spallation,[44] and fragmentation.[45] 
After ablation, the sample surface cools at a very high rate and 
rapidly reorganizes to result in different surface structures.[3,43]

As stated before, there are several possible categories 
of nano/microstructures generated via fs laser irradiation. 
Figure  4 indicates the presence of irregular nanospheres. We 
also observed the formation of sub-micrometer In spheres 
detached from the InP matrix and InxPy species. Based on 
the categories of laser-induced structures, it can be concluded 

that this is a type of protrusion. The formation of irregular In 
NPs is a consequence of the roughness of the target surface; 
if the material that absorbs the incoming energy is not being 
irradiated under the same conditions with the same amount 
of energy, the detachment of material would not occur in the 
same way. Hence, the direct and real-time analysis of the for-
mation and growth is performed easily and it facilitates the in-
depth understanding of the formation and growth of In NPs.

The average NPs (diameter) was obtained from the TEM 
images of the InP samples after the exposure to the electron 
beam and fs laser irradiation, the corresponding values are 
presented and compared with previous data reported in the 
literature in the Table 2. An analysis of the results renders 
that the In NPs obtained by electron beam have a small size 
(5–25 nm) with respect to samples irradiated with fs laser beam 
(5–200 nm), and these values are in the range of the previous 
values obtained by Golberg et al.[24] and Musaev et al.[25]

The interaction of the sample with electron or laser (pho-
tons) irradiation leads to different NPs size and to polarization 
of [InP4] clusters. At this stage, the crystalline lattice requires a 
probabilistic description at the atomic level because the crystal 
symmetry is broken. Thus, structurally disordered [InP4] and 
defective [In1−xP4] clusters are generated. The movement of 
these complex clusters in the crystal is highly dependent on the 
polarization.

In summary, when material processing is induced via irradi-
ation of solids with energetic species such as electrons or pho-
tons, it results in structural and atomic defects that affect the 
common properties of the material. This phenomenon must 
receive considerable attention owing to its important benefits 
for the technological applications of the target material. The 
generation of metallic In NPs is essential to apply these mate-
rials in a wide range of technological applications, and in the 
present work, we exploit the penetrating power of fs laser for 
the first time, in addition to electron beam irradiation inside 
a TEM, upon exposing them to InP to obtain In NPs. In both 
cases, there is an interaction with matter at the quantum level, 
but the incoming electrons and photons interact differently 
with the InP sample. This is exemplified in the present work, 
in which In NPs are obtained via direct fs laser and electron 
beam irradiation on InP. These processes involve a complex 
mechanism for the formation, growth, and eventual migration 
and detachment of In NPs. In the case of electron beam irradia-
tion, the electrons collide inelastically with the electron density 
cloud of the material, whereas in the case of fs laser irradiation, 
the photons are absorbed by the complex clusters, inducing, at 
short and medium distances, modifications in the electron den-
sity cloud. This multiphotonic effect results in modifications 
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Table 2.  Average NPs size (nm) of InP sample after exposure to the 
electron beam and fs laser irradiation.

Method NPs size [nm]

fs laser beama) 5–200

Electron beama) 5–25

Electron beam by Golberg et al.[24] 10–30

Laser beam by Musaev et al.[25] 10–1000

a)This work.
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in the length of InP bonds, and distortions at the InPIn 
angles, owing to perturbations caused by the photons in the 
crystal structure. The electrons produce a structural modifica-
tion as a consequence of ordered inelastic shocks, reducing the 
In cations and forming metallic In NPs and defective In1−xP. 
When InP is irradiated with an electron beam, a series of phe-
nomena is observed: (i) formation of In NPs attached to the 
InP surface; (ii) formation of a wrap around the original InP 
network, and (iii) segregation and coalescence of In NPs at the 
irradiated InP surface. The photons produce random and dis-
ordered structural modifications, owing to the interaction with 
the different energetic levels of the electronic cloud. In this 
case, there is an explosive effect, resulting in different species 
such as In NPs and In1−xP.

We believe that the current report will be of vital impor-
tance to perceive the use of external sources such as fs laser 
and electron beam irradiation as fundamental tools that are 
capable of inducing the formation of InP NPs, and investi-
gating the structure, and chemical transformation, which is of 
importance for the development of novel nanostructures, espe-
cially for those that cannot be fabricated using conventional 
chemical and physical methods. On the other hand, with the 
use of robust experimental and theoretical tools, scientists now 
have the capability to push the limit of investigations to the 
ultimate level of individual atoms and single bonds, but may 
also serve as a novel design avenue that can be exploited for 
the growth of various and useful NPs, then exciting opportu-
nities to engineer novel assemblies for new applications are 
wide open. Further efforts in this area are currently underway 
in our laboratories.

Experimental Section
Synthesis: A commercial reactant indium phosphide (Alfa Aesar, 

99.999% purity) was used to obtain the InP samples used in 
both synthesis approaches. The route employed to obtain the InP 
nanostructures via electron beam irradiation is similar to that employed 
to obtain Ag2WO4 nanostructures, described in detail by Longo et al.[9] 
For the synthesis via laser irradiation, InP pellets (1  cm × 1  cm) were 
prepared and irradiated under ambient conditions with a Ti:sapphire 
laser (Femtopower Compact Pro Femto Lasers), delivering pulses of full 
width at half maximum of 30 fs, with a central wavelength of 800 nm, 
repetition rate of 1  kHz, and maximum average energy per pulse of 
0.8 mJ. In order to obtain better pulse compression on the sample, an 
acousto-optic programmable filter (DAZZLER, Faslite) was used. The 
average power was set to 200  mW and the beam diameter was set to 
6 mm, which was focused on the surface of the target using a 75 mm 
lens. The sample was placed on the bottom of a quartz cuvette and 
attached to a motion-controlled 2D stage, moving at a constant speed 
of 0.45 mm s−1 at the focal plane perpendicular to the laser beam. The 
irradiation parameter values were selected based on previously reported 
experiments where the best NP growth in semiconductor networks was 
reported.[17]

Characterization: In situ TEM analysis was performed using a 
TECNAI G2F20 microscope operating at 200  kV and Titan Themis 
Cubed (FEI Company, Netherlands) microscopes operating at 300  kV 
(In0). The EDS mapping was performed using a TECNAI G2F20 
transmission microscope operating in the scanning mode. The samples 
were prepared via a simple colloid dropping of the as-prepared InP and 
laser-irradiated InP on an amorphous carbon film supported on copper 
grids.

Theoretical Calculations: First-principles calculations were 
performed within the DFT framework using the VASP program.[46] 
The Kohn–Sham equations were solved using the Perdew, Burke, 
and Ernzerhof (PBE) exchange-correlation functional and the 
electron–ion interaction as described by the projector-augmented-
wave pseudopotentials.[47] Owing to the well-known limitations of 
standard DFT in describing the electronic structure of “strongly 
correlated” compounds, a correction to the PBE wave functions 
was adopted (PBE+U) with the inclusion of a repulsive on-site 
Coulomb interaction U, following the method proposed by Dudarev 
et  al.[48] Eventually, the value of the Hubbard parameter was tested 
and a value of U  = 6  eV was used. The plane-wave expansion was 
truncated at a cutoff energy of 520  eV and the Brillouin zones 
were sampled through Monkhorst–Pack special k-points grids to 
ensure geometrical and energetic convergence. The initial unit cell 
parameters and the atomic positions were described according to 
the ICSD crystallographic information file (CIF) No. 640186.[49] The 
keyword NELECT was used to increase the number of electrons in 
the bulk structure, and all the crystal structures were optimized. 
The relationship between the charge density topology and elements 
of molecular structure and bonding was noted by Bader.[50] This 
relationship, Bader’s QTAIM,[50,51] is a well-recognized tool used 
to analyze electron density, describe interatomic interactions, 
and rationalize chemical bonding. The different strong and weak 
interactions between two atoms can be determined unequivocally 
using QTAIM calculations. According to the standard QTAIM 
framework, concepts such as (3, −1) BCPs, their respective bond 
paths, and L(r) = −∇2ρ(r) maps can be analyzed to reveal the nature 
of these interactions.
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